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ABSTRACT

This report summarizes research conducted at lowa State University on behalf of the lowa
Department of Transportation, focusing on the volumetric state of hot-mix asphalt (HMA)
mixtures as they transition from stable to unstable configurations. This has traditionally been
addressed during mix design by meeting a minimum voids in the mineral aggregate (VMA)
requirement, based solely upon the nominal maximum aggregate size without regard to other
significant aggregate-related properties. The goal was to expand the current specification to
include additional aggregate properties, e.g., fineness modulus, percent crushed fine and coarse
aggregate, and their interactions. The work was accomplished in three phases. aliterature review,
extensive laboratory testing, and statistical analysis of test results.

The literature review focused on the history and development of the current specification,
laboratory methods of identifying critical mixtures, and the effects of other aggregate-related
factors on critical mixtures.

The laboratory testing involved three maximum aggregate sizes (19.0, 12.5, and 9.5 millimeters),
three gradations (coarse, fine, and dense), and combinations of natural and manufactured coarse
and fine aggregates. Specimens were compacted using the Superpave Gyratory Compactor
(SGC), conventionally tested for bulk and maximum theoretical specific gravities and physically
tested using the Nottingham Asphalt Tester (NAT) under arepeated load confined configuration
to identify the transition state from sound to unsound.

The statistical analysisinvolved using ANOVA and linear regression to examine the effects of
identified aggregate factors on critical state transitions in asphalt paving mixtures and to develop
predictive equations.

The results clearly demonstrate that the volumetric conditions of an HMA mixture at the stable-
unstable threshold are influenced by a composite measure of the maximum aggregate size and
gradation and by aggregate shape and texture. The currently defined VMA criterion, while
significant, is seen to be insufficient by itself to correctly differentiate sound from unsound
mixtures. Under current specifications, many otherwise sound mixtures are subject to rejection
solely on the basis of failing to meet the VMA requirement. Based on the |aboratory data and
statistical analysis, a new paradigm to volumetric mix design is proposed that explicitly accounts
for aggregate factors (gradation, shape, and texture).



1 INTRODUCTION

In the analysis and design of asphalt mixtures, consderation of the contributions of the three materia
components to the total volume of compacted mixtures has been recognized as a significant factor. The
study of the component volumetric makeup of agphat mixtures has come to be known as “volumetrics.”
In the smplest gpproach, a compacted agphat mixture may be resolved to the individua volumes of the
minerd aggregate, Vs, the agphdt binder, V,,, and the entrapped air, V.. However, because of the
inevitable characteristic of aggregate absorption by which a portion of the asphdt binder istaken into
the body of the aggregate, the sum of the individual component volumes exceeds the total volume of a
compacted asphdt mixture. As aresult, two secondary volumetric parameters are conventionally used:
(1) the combined volume of entrapped air and the asphdt binder external to the aggregate, which is
referred to as the voids in the minerd aggregate (VMA) and (2) the degree to which the externd binder
saturates the VMA volume (voids filled with asphdt [VFA]). Both VMA and VFA have been identified
as sgnificant indicators of performance. The component diagram shown in Figure 1 is commonly used
to mode the mass and volumetric properties of asphat mixtures.

Specification and gpplication of aminimum VMA have been in common use since the early 1960s.
Minimum specified VMA has been inextricably defined in relation to the maximum (or nomind
maximum) aggregate particle sze in the aggregate blend as shown in Figure 2. This research seeksto
examine the premise that VMA isindeed avdid critical parameter and that the sole aggregate factor
affecting the magnitude of criticd VMA is the nomina maximum aggregate Size.

Study Objectives

Thegod of this study isto determine the vaidity of the minimum VMA requirement versus nomina
maximum aggregate size required in Superpave volumetric mix design. The project seeksto fulfill three
gpecific objectives.
1. to edtablish alaboratory method by which the trangtion of an asphdt paving mixture from
sound to unsound behavior may be credibly identified and measured;

2. tousethat method to identify and to evauate Satisticaly the effects of aggregate-related
factors on the critica state of such mixtures; and

3. toderiveapredictive relaionship relating critical state (e.g., critical VMA) to aggregete-
related properties such as nomina maximum aggregate size, gradation, shape, and texture.



Bulk

Volume of

Aooresate

FIGURE 1 Component Diagram of Compacted Hot-Mix Asphalt Sample

of BEffective
Lsphalt

3

olume of
Abzorbed AC

Effective
Volume of

Looregate

MASS

Effective Asphalt

Absorbed Asphalt

Agaregate

Mazg of A
=10

+—

Mass of
Agphalt

Idass of
Aporecate

Total

Mass




th
=

Basis of Diagram
Alr Voids 3 percent |
Aggoregate ASTM Bulk
Specific Gravity

b
—]

L
=]

]
=]

Minimum VMA, percent

Deficient in either
Bituminous Binder or Air Voids

0.42 2.36 4.73 95125 19 25 37.5 50
Nominal Maximum Particle Size, mm

10

FIGURE 2 Minimum VMA Versus Nominal Maximum Aggregate Size Relationship (2)



Specific Tasks

To accomplish these goals and objectives, the project was broken into six tasks. The objective of task
1 of this project was stated as follows:

A comprehensive literature review will be undertaken specificdly to identify the
following information:

1. laboratory methods of identifying critical Sate trangtions in asphdt paving mixtures,
incdluding the Monismith and Vdlergamethod (1);

2. thehistory and development of the current VIMA versus nomind maximum
aggregate sze relaionship with an emphasis on vdidating research; and

3. published research results that address the effects of other aggregate-related factors
on criticd date trangtions in agphat paving mixtures.

A comprehengve literature search was conducted emphasizing the COMPENDEX PLUS literature
database. The leading asphdt journds, e.g., those of the Association of Asphat Paving Technologists
(AAPT), the American Society for Testing Materids (ASTM), Highway Research Board (HRB),
Transportation Research Board (TRB), and International Conferences on the Structural Design of
Asphat Pavements (I1SAP), were aso searched. The information obtained from this literature review is
discussed in section 2.

The objective of Task 2 of this project was as follows:.

With the assistance of the lowa Department of Transportation Office of Materids,
identify sources of appropriate fine and coarse aggregate materias for the plan of
experiment outlined in task 4; obtain sufficient amount of each aggregate for the project;
and perform basic characterization testing (bulk specific gravity, absorption, gradation,
shape, texture, etc.) on each to provide information for mix design and anayss.

To best accomplish thistask, the research group met with members of the lowa DOT bituminous
engineering staff to identify potentid aggregate sources for usein the sudy. Three possible sources of
aggregates were located and contacted and quantities of al three materials were obtained. The
aggregate materials have been sieved and tested for the relevant properties used in the study. The
information obtained from this testing is presented and discussed in section 3. Also, fifty gdlonsof a
commonly used binder, Superpave performance grade PG 58- 28, was obtained. The binder
information and properties are dso presented in section 3.

Deveoping an interim report was the objective of Task 3:

Provide an interim report summarizing the findings of tasks 1 and 2. Thisreport will
make recommendations with respect to the feasibility of performing the anticipated
laboratory testing program, and provide alaboratory protocol for the work. The report
will summarize the aggregates selected for the experiment and the results of the
characterization testing performed on them. The report will detall the various aggregate



combinations to be used to fulfill the needs of the plan of experiment in task 4. If
necessary the report will provide refined estimates of time and budget, with the
judtification.

The interim report was ddivered to the lowa Highway Research Board (IHRB) in October 1998.

The objective of task 4, laboratory testing, commenced upon gpprova of the interim report. It followed
the revised plan of experiment given in Table 1. Origindly it was estimated that 810 specimens would be
required to be tested; this was reduced to 360 specimens because of time and material congiraints and
the qudity and consstency of the results obtained. It is believed that the test matrix shown in Table 1
provides the essentid information required to eva uate the effects of gradation, shape, surface texture,
nomina maximum Sze, eic.

The Nottingham Asphalt Tester repeated |oad triaxiad test gpparatus was selected for use in evaluating
the mixtures. This equipment alows use of the SGC-compacted specimens to examine performance of
the mixture under redigtic loading and temperature conditions. Thistype of test has been used in Europe
for years; it has been used dmost exclusvely as aresearch tool, but recent improvements have made it
user friendly and expedient, and it could be easily incorporated into the Superpave mix design program.

Task 5, the datidtical andysis of laboratory data, involves using analysis of variance (ANOVA) and
regression techniques to identify sgnificant primary and interaction factor effects upon critica volumetric
variables. Regresson analyss on the identified significant factors will be used to develop an equation of
the form

VMAi = dGradation, FAA, CAA, NMAS) +e ,

where FAA isfine aggregate angularity, CAA is coarse aggregeate angularity, and NMAS is nomina
maximum aggregate Sze.

Thisreport is the objective of task 6, the fina report. It is organized into Sx main sections including this
introduction (section 1). Section 2 includes an updated summary of the literature search and review on
the effects of aggregate-related factors of criticadl VMA in asphat paving mixtures. Section 3 briefly
summarizes the materids used in the study: asphdt and fine and coarse aggregates. Section 4 presents
the laboratory method used, describing step-by-step the testing protocol used and any deviations from
convention. Section 5 presents and discusses the results obtained from the testing program and
datidicd andyss. The sgnificant factors are identified, and predictive equations are developed and
evaduated. Conclusons and recommendations are given in section 6.



TABLE 1 Original and Revised Plan of Experiment: Experimental Matrix

Nominal Maximum Aggregate Size and Gradation

Aggregate Blend 9.5mm 125 mm 19.0 mm
Coarse Fraction FineFraction Fine Dense Coarse Fine Dense Coarse Fine Dense Coarse
Natura
Crushed 50/50
Manufactured X X X
Natura X X X
Graved 50/50
Manufactured X X X
Natura
50/50 50/50 X X X
Manufactured

Note: X denotes the revised matrix



2 LITERATURE SEARCH RESULTS

McLeod, in proposing his minimum voids in the mineral aggregate (VMA) requirement versus nomind
maximum aggregate Sze (NMAS) relationship did not present the research or data from which it
derived and stated that “it is subject to modification as further experience and test data are

2). In Superpave, meeting McLeod' s minimum VMA requirement is frequently the
deciding factor as to whether or not an aggregate blend can be used. In recent years, some researchers
have presented concerns that these minimum VMA requirements are too retrictive and may rule out
economica mixes with acceptable performance properties (3). Others point out that evauating and
sdecting the aggregate gradation to achieve aminimum VMA is the mogt difficult and time-consuming
gep in the Superpave mix design process (4). Others suggest it is not gpplicable to al agphat mixtures
and propose refinementsto it (5, 6, 7).

Formally, as defined in task 1 of the project, there are three distinct parts to the literature search:

1. identifying laboratory methods of distinguishing critical Sate trangtionsin asphat paving
mixtures, including the Monismith and Vdlergamethod (1);

2. examining the history and development of the current VMA versus NMAS reationship with
an emphads on vdidating research; and

3. locating published research results that address the effects of other aggregate-related factors
on critica date trandtionsin agphdt paving mixtures.

To accomplish these tasks, a comprehensive literature search was conducted using the COMPENDEX
PLUS literature database. This database is excellent for the period from the 1970s to the present. For
earlier (pre-1970s) materiads, the index of proceedings of the Association of Asphat Paving
Technologigts (8) suggested severd relevant papers. Many of these papers referenced papers presented
at the American Society for Testing Materids and Highway Research Board mesetings and the
International Conference(s) on Structurd Design of Asphalt Pavements, leading to further informetion.
The information obtained from this literature review for each of the three topicsis discussed at length
below.

Laboratory Methods of Distinguishing Critical State Transtions

What defines agtate of criticd VMA? Thisis not addressed by any of the conventiona tests conducted
in asphalt laboratories and does not show up in the literature. For the purposes of this project, the
critical state trangition occurs where the compacted asphat mixture transitions from sound to unsound
response to load; it becomes plastic, loses strength quickly, and begins to deform reedily.

Therefore, prior to any investigation into criticd VMA, a practicd and credible means must be found to
identify a gtate of critical VMA in alaboratory mixture and to identify the volumetric parameters of that
mixture as it trangtions from sound to unsound behavior.

The firgt question that needs to be addressed is What |aboratory test best distinguishes the critical state
trangition of compacted hot-mix asphat mixes? Since permanent deformation best describes this
phenomenon, the most logical tests to consder for determining the critica State trangtion are those that



characterize this distress. There are severd approaches and test methods for examining permanent
deformation.

A good garting point is the Strategic Highway Research Program (SHRP). One of the primary
objectives of SHRP was to develop a series of accelerated performance-related tests. Rutting
(permanent deformation) was the focus of the SHRP A-003A project and SHRP report A-415. The
SHRP researchers examined awide variety of test methods to find the best performance test for
measuring permanent deformation response. While distinguishing the critical dtate trangition was not a
god of the SHRP researchers, their review and discussion of candidate test methodsis useful in
identifying equipment to determine the criticd trangtion of amixture.

The SHRP researchers discussed four types of laboratory tests used to characterize the permanent
deformation response of pavement materias (9):

1. Uniaxid dresstests—unconfined cylindrical specimensin creep, repested, or
dynamic loading.

2. Triaxia dresstests—confined cylindrical specimensin creep, repeated, or dynamic
loading.

3. Diametrd tests—cylindrica specimensin creep or repeated loading.
4. Potentid (new) tests—e.g., Smple shear and hollow cylinder tedts.

Of these, based on fidld smulation and smplicity, they ranked the smple shear test (SST) fird, the
triaxia test second, and the creep tests third. They believed that the shear properties were the most
important in rutting and that SST provided the best means for directly measuring the effects of a specific
dress state and the dilation characterigtics of amix. For distinguishing the critical Sate trangtion of a
compacted HMA specimen, the advantages of SST are not worth the increased cost over either the
triaxial stress or the creep test apparatus.

Asthereis no sandard test method used to identify this state trangition, the lowa State University
research group decided to use NAT, which has the capability to perform triaxid testing and which has
come close to being the standard testing device throughout Europe under the developing European
Standards (EN). The literature review therefore focuses on this test method exclusively. The god isto
examine the exiging and available literature to learn more about thistest, test parameters, and the
feagbility of usng this equipment to distinguish the critical Sate trangtion.

Triaxial Testing

Thetriaxia test has been used by asphdt technologists sSince the early 1940s for characterizing asphalt
mixtures. Mogt of this research was of an exploratory nature because of the cost and complexity of the
test equipment. However, severd influentid researchers have used the test in avariety of ways.

Nijboer was one of thefirst to use the triaxia test for agphalt mixtures. He discussed existing test
methods and rejected them as inadequate for measuring plastic properties of agphat mixtures (10). He
recommended againgt using the Hveem stabilometer because it is a* closed-system,” meaning the
materia cannot flow lateraly. He recommended an * open-system” test in which laterd flow is possible.



Thetriaxid shear test, widely used in soil mechanics, is one example of such atest. Nijboer devel oped
the triaxid test for bituminous mixtures and used it to study the influence of systematic changes in asphat
content, filler, and ratio of coarse to fine aggregate on resistance to plastic deformation.

Goetz and Chen used the vacuum triaxia gpparatus with confining pressures of 14, 7, and O pounds per
square inch (psi) and compared the results with a conventiona pressure triaxia test at 25 ps (11). They
found the vacuum triaxid gpparatus to work satisfactorily with bituminous mixtures.

Monismith and Valergaexamined the relationship between density and stability using an opentsystem
triaxia test (1). They used one type of asphdt (3-8 percent by weight of aggregate), one kind of
aggregate and gradation, and atest temperature of 60 degrees C. They molded specimens using severd
different compaction schemes (pressure and tamping). Then they ran triaxial compression tests, using a
lateral pressure of oneto two bar and applying the vertical load at a congtant rate of strain of 0.5 inches
per minute.

Their test results suggest that during compaction HMA behaves analogoudy to a cohesive soil in proctor
testing. They found that the relationship between density and stability depends on how stability is
defined. They found that existing methods for identifying stability alowed consderable variability in the
magnitude of strain a which ability is determined. Figure 3 shows the relationship between bulk
specific gravity and stress for mixtures with binder contents between three and seven percent a two
percent strain. The figure shows that for binder contents above five percent, there is amaximum dengty
beyond which the specimen beginsto lose strength. The dashed line is the Hveem design binder content
(5.6 percent by weight of aggregate) with compaction achieved by construction and one year of traffic.
As shown in the figure, after this time the mix would have a Sgnificant loss of Sability.

Pdll and Brown stressed the importance of reproducing in Situ test conditions in laboratory tests and
criticaly reviewed exiging test methods (12). They suggested that the repeated load triaxia (RLT) test
will overestimate the permanent deformation characterigtics of amix relative to in Stu conditions. They
emphasized the need for direct shear testing to supplement repeated load triaxia testing for pavement
desgn.

Morris, Haas, and Rellly suggested that there is an interaction between confining stress and temperature
(13). The effect of the confining stress becomes important at higher temperatures.

Francken used a repested load triaxid apparatus to determine a phenomenologica deformation law that
could then be used in gtructurd design to limit rutting (14). Examining five different mixes, he found that
athreshold condition (dependent on stress and temperature) existed that clearly delineated whether or
not pladtic failure was imminent.

Brown and Cooper examined avariety of mixes for bases and base courses usng severd tests,

including Marshdl gahility, uniaxia and triaxid creep, and the repested |load triaxid test (15). They

concluded that the Marshd| stability test could not be used to digtinguish the relative deformation

resistances of these mixes and stated that “if a confined test isto be used, it is necessary to gpply some
15).



The SHRP researchers (9) pointed out that previous research had suggested that the repeated load test
was more sendtive to mix variables than the creep test. They found that the repeated load triaxid test
provided a better measure of rutting characteristics than the creep test.

Brown and Gibb compared the RLT apparatus with whed tracking in the pavement test facility (PTF) at
the Universty of Nottingham (16). They compared the performance of two mixes (one gravel, one
granite) in the PTF with cored samples (same mixes) in an RLT apparatus. They tested at 40 degrees C
and aconfining pressure of 70 kPa. Their results showed that confinement “improved” the gravel mix
such that it compared favorably with the granite mix, whereas in the PTF there were pronounced
differences. Thisled them to remark that the “ sengtivity of gravel aggregate mixturesto test conditions
suggests that some care will be needed in specifying mixture design tests’ (16).

10
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Nunn, Brown, and Guise compared the repeated |oad axid test (both confined and unconfined) with
whed-tracking tests of the same materials and found that the RL T test ranked the materidsin asimilar
fashion to the whed-tracking test (17). They found the unconfined test inadequiate for evauating
resistance to permanent deformation. They recommended that the RLT test be further evauated to
develop standard test conditions and a precision statement.

Brown and Scholz aso modified NAT to convert the repeated load axial test into a repested load
triaxia test, using avacuum to apply the confining stress (18). This gpproach limited the confining stress
to one aimaosphere (roughly 100 kPa) but made the test viable as aroutine test. They then used the
gpparatus to examine two porous mixtures with the same gradation but different binders at different
temperatures and confining stresses. They found that confining the specimen emphasized the role of
aggregates in ressting permanent deformation.

The History and Development of the Current VMA Versus Nominal Maximum Aggr egate
Size Reélationship

In the early 1900s, the most widdly used approaches to asphalt mix design focused on achieving
maximum dengity or using surface area.and film thickness to determine the optimum asphalt content
(19). Mix desgnersin the first group combined VMA, air voids, and experience to determine the best
asphdt content. Those using the second approach combined air voids, the product of surface area and
optimum film thickness, and experience to determine the best asphat content. The Hubbard-Feld
design method is an example of the firgt approach, and the Hveem design method an example of the
second. Because experience was usudly the critical factor, regardless of gpproach, they usudly resulted
in gmilar mix desgns. Usudly, the aggregate gradation was determined by specification, by locally
available materids, or by theoreticdly “idedized” gradations.

The*“early” Marshdl mix design gpproach did not have aVMA requirement. Marshdl himsdlf believed
“no limits can be established for VMA, for universal gpplication, because of the versatile gpplication of
bituminous materids to many types and gradations of aggregate’ (20). McFadden and Ricketts
presented the Corps of Engineers (COE) version of the Marshal method for design and field control of
paving, which used the five parameters shown in Table 2 to determine the design asphat content (21).
The peak values of dl parameters except flow were averaged to determine the design asphalt content.

TABLE 2 Corpsof EngineersMarshall Mix Design Criteria (21)

Test Property Requirement
Sability 500 pounds (minimum)
FHow 20 (maximum)

Air voids, tota mix 3-5 percent

VFA 75-85 percent

Unit waight —_

The shift towards a minimum VMA requirement began in the mid-1950s. McLeod in 1955 presented
hisinitid analysis on “the voids properties of compacted paving mixtures,” in which helad out the basic
principles of aminimum VMA requirement (22). His argument did not explicitly mention durability; he



was concerned that gpecifications with requirements on both air voids and VFA were too restrictive at
higher asphdt contents. He showed for absorptive aggregates that computed VMA and VFA would be
wrong unless the bulk specific gravity was used in the caculaions.

In 1956, McLeod presented a modified Marshal mix desgn methodology, which listed a minimum
VMA requirement of 15 percent (23). He showed graphically (see Figure 4) that a VFA range of 65-
80 percent was unachievable for mixes with asphalt contents above 10.5 percent by weight
(approximately 20 percent by volume). He provided smilar design charts that covered the range of
aggregate specific gravity from 2.00 up to 3.00 and asphat specific gravity from 0.95 up to 1.11; in dl
cases the minimum asphalt content required would be at least four percent by aggregate weight, plus any
absorbed asphalt. At atypica aggregate specific gravity Gy, = 2.65 and asphalt specific gravity of 1.01,
McLeod' s design charts specify a minimum asphat content of 4.5 percent. McLeod believed that the
physicd test limits would broaden the range of acceptable aggregates, lower the cost of bituminous
paving mixtures, and provide satisfactory paving mixtures with respect to stability, voids, durability, etc.

The following year McLeod again sated his case for using the bulk specific gravity and effective agphdt
content for volumetric analyss of the mixture (24). He concluded that if the compacted paving mixture
was redtricted to three to five percent air voids, requiring aminimum VMA (15 percent) was less
restrictive than requiring a VFA range of 75 to 85 percent. More important, he suggested that the VFA
requirement would alow a pavement to be constructed with 3.76 percent asphdt, which he felt was too
low for durability. The minimum VMA requirement would ensure at least 4.5 percent asphat and
provide adequate durability. McLeod observed that Canadian aggregates typicaly were too densdly
graded to provide the required VMA.

Alsoin 1957, Lefebvre reemphasized the importance of minimum VMA (25). Aware of the difficulty of
achieving 15 percent voidsin the minera aggregate and three to five percent air voids, he investigated
the influence of the principa fractions of the minerd aggregate—coarse aggregate, fine aggregate, fine
sand, and minerd fille—on the performance of the paving mixture. He found that the fine aggregates
were the mogt critical component, controlling the VMA and contributing to stability.

In 1959 Mcl eod suggested the currently used method of using VMA and air voids requirementsin
designing pavement mixtures (2). In place of his previoudy held requirements of 15 percent minimum
VMA, he related minimum VMA to nomind maximum particle size. Figure 2 shows McLeod's
suggested reationship. He warned that the minimum VMA requirements were subject to modification as
further experience and additional test data were accumulated.

In 1959 Campen et d. emphasized that agphdt film thickness, not VMA, was essentia to mixture
durdhility (26). VMA isindependent of the surface area of the aggregate. They presented data showing
that two aggregate blends could have identical VMA and one could have twice the surface area and film
thickness as the other. At the same time, they found that the surface area did not indicate the asphalt
content required for minimum VMA. Increased surface area requires more asphalt, but there is no direct
proportiona relationship. They prescribed film thicknesses in the range of S to eight microns as
producing the most desirable paving mixtures.

The Asphdt Ingtitute incorporated a new dengity-voids andysis, which accounted for asphalt
absorption, into the Marshal mix desgn method, in its 1962 MS-2 (27). VFA, previoudy aMarshal
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method design parameter in earlier editions, is not mentioned. No rationae for dropping VFA is
presented. McL eod wrote an appendix in MS-2 presenting the indusion of aminimum VMA
requirement into the mix design process.

Hudson and Davis described an arithmetica method for computing VMA from the aggregate gradation
(19). Using factors for the ratio of percent passng one sSeve divided by the percent passing the next
amaller Seve. Ther procedure differentiated between rounded and angular aggregate. They bdieved
that their arithmetic method of computing VMA would dlow the mix designer to estimate design agphdt
content if McLeod' s chart (Figure 2) was used.
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McL eod discussed the trend of modifying paving mixtures with rubber or asbestos to increase durability
(28). As an dternative, to improve durability, he proposed usng a conventiond (unmodified) asphat
binder but requiring two to three percent more VMA than the values shown in Figure 2. He
demondtrated that the VMA vaue of a dense graded paving mixture essentialy controls the quantity of
agphalt that can be incorporated into the mixture. Also, he argued that VMA should be determined
through measurements of compacted mixtures; it cannot be determined from aggregate test properties
aone. He offered severa methods to increase VM A—most important, using crushed angular

aggregeates.

Feld presented the results of a sudy investigating the minimum VMA criterion and the accuracy of the
test and examining dternative approaches (29). He pointed out that the Ontario Ministry of
Trangportation and Communications (MTC) had supplied acceptable mixes that did not meet the
required minimum VMA. The MTC was changing its requirements to those shown in Table 3, where it
must be noted thet the maximum size is the same as the Superpave nomina maximum size.

TABLE 3 Ontario Minigtry of Trangportation and Communications M odification to VMA
Requirements (29)

Per cent Pass Nominal Maximum Particle Size (mm)
Mix Type 4.75 mm* 236 475 95 132 160 190 265
(by mass)

HL-2 21 18.0 16
HL-1 40 135 130 125 115
HL-3 45 140 135 130 120
HL-4 50 145 140 135 125
HL-5 55 150 145 140 130
HL-6 60 155 150 145 135
HL-8 65 160 155 150 140

*When the difference between the bulk relative density of the retained 4.75-millimeter material and the bulk specific
gravity of the pass 4.75-millimeter material is greater than 0.3, then the percent pass 4.75 millimeters must be on a
volume basis.

Notes: The VMA shown aboveisfor 3.5 percent voids. Reduce the VMA shown above by amount of voids set |ess
than 3.5 percent. Increase the VMA shown above by amount of voids set more than 3.5 percent. A design mix must
have at |east a moderate to moderately rich asphalt coating appearance on aggregate particles before compaction.

Field also discussed four dternative approaches to usng minimum VMA in getting mix durability:

aVFA requirement,

the surface area method,

the centrifuge kerosene equivaent (CKE) test, and
visua observation of coat-ahility.

A w D PE

A VFA reguirement of 75-85 percent was ruled out because it would alow mixeswith very low VMA
and very low asphalt contents to be used. The surface area method provided mixes with average design
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asphdt contents 1.2 percent lower than those obtained using the VMA criterion. So, despite good
[aboratory test properties (excepting low VMAL!) and no congtruction or performance problems,
because of conceptua problems the method was deemed unacceptable. The CKE approach was found
unsatisfactory because it is*lengthy, tedious, subject to many errors, and not redistic” (29). Usng visud
observation for coat-ability was deemed acceptable based on past projects where it had been used.
The criteriainvolved making sure (1) the loose mix was moderately rich with respect to asphalt, (2) the
compacted test specimen was moderately rich to rich in appearance, and (3) the aggregate particles
were wdl| coated with asphalt. Field concluded that the minimum VMA requirement based on bulk
specific gravity was the best method of establishing proper asphdt content for durability. Fied dso
recommended follow-up performance studies be conducted on pavements with VMA and void
contents below the design criteria to provide the necessary experience and confidence.

Kandhal and Koehler reported there were till problems with the VMA criterion in 1986 (30):

The VMA is considered to be the most important mix design parameter which affects
the durability of the agphdtic concrete mix. High VMA vaues alow enough asphdt to
be incorporated into the mix to obtain maximum durability without the mix flushing.

Additionaly, such mixes have the following advantages compared to low VMA mixes

1. Lower diffnessmodulus a low temperatures. Thisis hdpful in minimizing the
Severity of therma and reflection cracking.

2. Lower susceptibility to variationsin agphat and fines content during production.
Such variations can cause the mix to be too brittle or too rich.

Unfortunately, only 16 of 38 states using the Marshdl method specify a minimum VMA.
Of these 16 gtates, only seven use the effective asphalt content (tota asphat minus the
asphalt absorbed by the aggregate) to calculate the redlistic VMA value, as
recommended by the Asphalt Indtitute. If the effective asphat content is not used, the
cdculated VMA vdues are not reliable especialy when the mix contains an absorptive

aggregate.

Fogter reviewed the use of voidsin mix design and specifications (31). While acknowledging McLeod's
explanation of VMA as providing “the desirable conditions for a good asphdt pavement,” he
questioned the minimum requirement of 15 percent VMA. He reviewed McLeod's 1956, 1957, and
1959 papers and Lefebvre' s 1957 paper and pointed out that none report actual pavement VMA or
performance data in support of the recommended criteria. Foster reported that as of 1985 seventeen
states were using VMA in their mix designs. He compared pavement performance data from severa
projects, and his data are presented graphically in Figures 5 and 6.

Figure 5 presents graphicaly the volumetric mix data from traffic tests that the United States Army
Corps of Engineers used to develop their Marshdl design criteria. The nomina maximum size was
(primarily) 19.0 millimeters (0.75 inches). The data clearly show the importance of the three to five
percent air voids criterion. For VFA, acriterion of 68 to 77 percent (approximatdy) will result in
satifactory pavements. The VMA criterion shows that a minimum of 14 percent is necessary to
digtinguish the “admost plagtic” pavements but does not bresk out the “admost brittle” pavements.

17



Figure 6 presents graphicaly the volumetric mix data from 18 experimenta overlays on Nebraska
highways from 1961 to 1972. The rings differentiate the different mix types, nomina maximum sze was
(primarily) 19.0 millimeters (0.75 inches). The data clearly show that a VFA criterion of 68 to 83
percent (gpproximately) will result in fair or good pavements. The VMA criterion isineffective at
distinguishing pavement performancein this data. Interesting to note,
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Foster dso had film thickness information for these projects that dso did not correlate well with
performance.

Huber and Heiman examined nine tet Sitesin Saskatchewan to see whether mix design characterigtics
differentiated pavements that performed well from those that rutted badly (32). For the mix
characteristics examined, they found the threshold values listed in Table 4. If four percent air voids are
taken as adesign target, their VMA and VFA criterialimit possible designsto asingle point (air voids =
four percent, VMA = 13.5 percent, and VFA = 70 percent). They concluded that asphalt content and
voidsfilled with asphat were the most basic parameters that affect rutting, with VFA including the
effects of both air voidsand VMA.

TABLE 4 Observed Threshold Valuesfor Mix Design Characteristics (32)

Par ameter Threshold Value
Air voids 4 percent minimum
Voidsin the minerd aggregate 13.5 percent minimum
Asphalt content 5.1 percent maximum
Voidsfilled with asphat 70 percent maximum
Fractured faces 60 percent minimum
Marshdl stability —
Hveem gability 37 percent minimum

McLeod reemphasized his earlier arguments for usng VMA in mix design (33). Aware of Huber and
Heiman'sfindings (32), he acknowledged that there was gpparent judtification for using air voids and
VFA asdesgn criteria However, using an air voids and VFA criteria of 75-85 percent would not be a
practical specification for production. He further argues againg placing requirements on dl three
volumetric parameters (air voids, VMA, and VFA), showing that they overlap. Asapractica matter, he
suggests, the only reasonable criteriais to use the minimum VMA based on nomina maximum particle
size and an air voids requirement. He mentions that in Ontario during the OPEC ail criss of 1973, the
VMA reguirements were significantly reduced as a cost- saving measure, but the reductions quickly
halted due to an epidemic of poor pavements and raveling problems.

Huber and Shuler focused on the reationship between VMA and the maximum dengty line (MDL; 34).
They concluded that the MDL needed to run from the origin to the 100 percent passng maximum seve
gze. They tried to reate distance from the MDL to VMA but could find no generd rule to ensure
minimum VMA because of the influence of aggregate angularity and surface texture on VMA.. They adso
recommended against comparing gradations with large differences in material passng the No. 200 seve.

Cominsky, Leahy, and Harrigan presented and discussed the Superpave level 1 mix design that was
developed during the Strategic Highway Research Program (35). Based on the recommendations of a
pand of experts using the Delphi method, the VMA requirements were absorbed into Superpave. The
pand’sfind rating of the various aggregate and agphdt-aggregate mixture characterigtics for incluson
into the specification is shown in Table 5. As can be seen, the panel strongly recommended air voids
and VMA but was essentialy neutrd on VFA, dugt-asphdt ratio, and film thickness.
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In 1994, the Asphdt Indtitute reintroduced a VFA criterion into Marshdl mix design, changed the
design air voidsto four percent, and added atable of VMA requirements depending on air voids ad
nomina maximum aggregete sze (36). The stated purpose of the VFA criterion was to limit the
maximum vaues of VMA and asphdt content.

TABLE 5 Average Ratings of Asphalt-Aggregate Mix Characteristics by SHRP Expert Task

Group (35)
Rating®*  Standard Deviation  “Best” Measurement
Air voids 6.77 0.44 Rice specific gravity
VMA 6.15 0.90 Bulk specific gravity of aggregate
(Gs)
VFA 4.00 1.68 None identified
Dust-asphdlt ratio 4.46 1.85 None identified
Flm thickness 331 1.89 MS-2 procedure

*Scaled rating: 1, very strongly disagree; 2, strongly disagree; 3, disagree; 4, neutral; 5, agree; 6, strongly agree; 7,
very strongly agree.

Aschenbrenner and MacK ean examined 101 mix designs to determine which MDL worked best for
predicting VMA, achieving the best correlation with the Superpave definition (37). They reported that in
1993, the firg year the Colorado Department of Trangportation specified a minimum VMA, the average
mix design asphalt content increased by 0.46 percent.

Kandhal and Chakraborty set out to reexamine the rationae behind the minimum VMA requirements
currently being used and to establish an optimum film thickness for mix durability (5). Like Foster, they
could not find any sgnificant rationa data corrdating pavement performance with the currently specified
minimum VMA vaues for HMA mix design. They tested mixtures with Sx effective agphdt film
thicknesses, aged both short and long term, and they tested specimens for resilient modulus and tensile
strength. They dso tested the recovered binder for penetration, viscosity, complex modulus, and phase
angle. In their sudies they found that asphdlt film thickness correlated well with resilient modulus, and
they recommended an average film thickness of 9-10 microns for specimens compacted at eight

percent ar voids. Interesting enough, anine micron film thickness a four percent ar voids would require
aminimum VMA of 15.6 percent, 1.6 percent higher than the Superpave specification.

Hinrichsen and Heggen dso proposed using average film thicknessin mix design (3). They provided
equations that used the aggregate gradation and volumetric properties to determine the proper VMA for
each mix design uniquely. To do this, they took the standard film thickness equation, assumed a
gandard film thickness, and back- ca culated the amount of asphdt required providing this film thickness.
Using volumetric relations, they computed the minimum VMA dlowable with this asphat content and a
target air voids. They provided information that showed that mixes based on minimum VMA were not
aways the best in terms of performance and economics. They questioned the use of “rigid” minimum
VMA specifications, showing thet there is consderable variahility in the tests performed to determine
VMA, resulting in agstandard deviation of 1.3 percent for VMA.



Anderson and Bahiafound achieving VMA the mogt difficult and time consuming step in Superpave
volumetric mix design (4). They analyzed 128 trid gradations from 32 mix designs performed by the
Asphdt Inditute from 1992 to 1996 to determine whether they could make any recommendations
toward selecting an aggregate gradation. Their andyss agreed with prior researchersthat VMA is
dependent on more than just aggregate gradation. They found that current methods for increesng VMA
were not absolutely effective. Their best recommendation to meet VMA requirements was to develop
an S-shaped gradation curve (r* = 0.58) or to use the sum of the distances from the MDL (r? < 0.20).

Kandhal, Foo, and Mallick assumed asphat mix durability was dependent on film thickness (6). Based
on average film thickness, they found the current minimum VMA requirements inadequate for ensuring
mix durability. They concluded that it penalized coarse graded mixes with low VMA but with adequate
film thickness. They recommended dropping the minimum VMA requirement in place of aminimum
average film thickness of eight microns. While they could not find the background research dataon
which the Asphalt Indtitute surface area factors are based, they felt they should till be used.

Mallick et d. point out that McLeod used relatively fine-graded mixtures to develop hisreationship (7).
Examining 95-, 12.5-, 19.0-, 25.0-, and 37.5-millimeter NMAS mixes, they found on average that a
five percent increase in percent passing the 2.36-millimeter seve would increase the VMA by 0.4
percent. They suggested that amore rational way of specifying VMA would be to specify VMA by the
percent passing the 2.36-millimeter Seve. Their recommended design VMA requirements for dense-
graded mixes are presented in Table 6.

TABLE 6 Proposed Minimum VMA based on NMAS and P2.36 Millimeters (7)

95 mm 125 mm 19 mm 25 mm 37.5 mm

pP236* VMA P236* VMA P236* VMA P236* VMA P236* VMA

6/62 166 5853 158 4944 140 4540 138 41-36 136
62-57 162 5348 155 4439 137 4035 134 3631 132
57-52 157 4843 152 3934 134 3530 131 3126 128
5247 154 4338 149 3429 131 3025 127 2621 122
4742 150 3833 145 2923 127 2519 123 21-15 117
42-37 146 3328 141

37-32 142

Effects of Other Aggregate-related Factorson Critical State Transitions
In McLeod' s 1957 paper he summarized the principd factors influencing VMA asfollows (24):

1. For any given particle sze, the Fuller or Weymouth curve should produce maximum
density.

2. Moving off the maximum dengity curve (to either Sde!) should provide less density
and more VMA.
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3. Usng dightly more (or less) fine aggregate than that of the maximum density curve
should open space between the coarser particlesresulting in higher VMA.

4. Using gopreciably lessfine aggregate will result in an “open graded” mixture with
relaively high VMA.

5. If the quantity of fine materid ranges from dightly lessto appreciably more than the
Fuller curve, the VMA in the resulting dense graded mixture will increase steadily
(dowly) but so will the required asphalt content such that the air voids will till bein
the range of three to five percent.

6. Choosing to add or reduce fine aggregate depends on (1) required pavement
surface texture, (2) whether or not the resulting pavement would be durable enough
for loca climate and traffic conditions, and (3) the relative cost of coarse and fine
aggregates.

7. Mingd filler can rapidly increese VMA.

Lefebvre investigated the influence of the principd fractions of the minerd aggregate—coarse aggregate,
fine aggregate, fine sand, and minerd fille—on the performance of the paving mixture (25). He found
that the fine aggregates were the mogt critical component, controlling the VMA and contributing to
gability. His recommendations included usng amoderately high percentage of fine aggregate containing
asmall percentage of fine sand. The fine aggregate should be angular, with rough surface texture, and
suitably graded. The coarse aggregates, while good for sability, are bad for VMA particularly if minerd
filler is present. Minerd filler was not recommended because it fills voids and takes the place of bitumen
and may be detrimentd to durability.

Vadlerga examined how aggregate characteristics of sze, shape, and surface roughness affect the
dability of agphdt paving mixtures (38). Based on triaxia testing, he concluded that the most important
aggregate characteristic was surface roughness and believed that size and shape were less important
than generaly believed.

Campen et d. stressed that a satisfactory mixture is one where the aggregate contains enough voids to
permit the addition of sufficient agphdt to provide comparatively thick filmswithout filling al the voidsin
the aggregate (26). They showed data suggesting that engineers typicaly use a high—coarse aggregate
content to control the voids.

Hudson and Davis felt VMA depended on the following conditions (19):

1. particle arrangement or degree of compaction;

2. therdationship between sizes of aggregate particles, in particular, the ratio between
percents passing adjacent seves, and

3. therange of Sze between fine and coarse materias and aggregate shape.

Field discussed how the Ontario MTC adjusted the Asphdt Ingtitute' s standard VMA requirements
(29):
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= For aggregates near the borderline acceptable VMA,, if the percent passing No. 4
seve was increased by five percent, the required VMA increased by 0.5 percent.

= For aggregates of good VMA with desirable mix characteristics—cohesion,
stability, and coat- ability—if the passing No. 4 Seve was increased by five percent,
the required VMA increased by 0.8 percent.

= Theminimum VMA should correspond to aminimum air voids content; e.g., if
VMA of 15 percent isrequired for air voids of 5 percent, then if design ar voids
are decreased, the minimum VMA should decrease correspondingly.

Aschenbrenner and MacK ean examined 24 |aboratory mixesto study the effects of four variables on
VMA (37):

gradation,

percent passing 75-micron seve (filler),

Sze digribution passng 75-micron Seve, and

fine aggregate angularity.

A wbdh P

They found that gradetion played arole in influencing VMA but had such poor correaion that VMA
could not effectively be predicted from gradation. The percent filler sgnificantly affectsVMA, in
particular, for gradations on the fine Sde of the MDL.. Lower percent passing 75-micron seve increased
VMA; higher reduced VMA.. They recommended that the fine aggregate be kept well off the MDL.
Their results examining size didtribution passing the 75-micron seve were inconclusive. They found
aggregate angularity to substantidly affect the VMA, with crushed aggregates providing more VMA and
rounded aggregates less. The fine aggregate angularity was more influentia for coarse mixes or mixes
following the MDL than for mixes on the fine sde of the MDL.

Epps and Hand examined Superpave mixes for mixture sengtivity to asphalt content and percent

passing the 75-micron seve and found the coarse mixtures to be extremdy sendtive to smal changesin

both (39). They listed the following aggregate-related factors as contributing to mixture sengtivity (39):
1. rounded or subrounded aggregates,

aggregates with smooth surface texture,

an aggregate blend with a high fine aggregate fraction,

an aggregate blend with a high natural sand content, and

aggregate blends with a high to intermediate sand content.

o~ W D

SUmmary

The purpose of this literature review isthregfold: (1) to examine available laboratory tests for
determining the criticd trangtion from sound to unsound mixture, (2) to review how the minimum VMA
criterion currently specified in Superpave developed (and any proposed refinements), and (3) to locate
any information on other aggregete-related factors, e.g., gradation, particle shape, or texture.
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Thereis generd agreement that the laboratory tests best suited for determining the critica ate trangtion
are the permanent deformation tests. Reviewing the literature, there is not a consensus asto which
laboratory test would best distinguish the critical state of VMA. Based on cog, availability, ease of use,
and the SHRP findings (9) the repeated load triaxial test apparatus was the sdlected method.

The available literature on the development of the minimum VMA criterion is sketchy; McLeod
presented his relationship without the research or data from which it derived. He anticipated thet it
would be modified with experience and test data; the implementation of Superpave has renewed focus
on how the minimum VMA requirements impact mix design. Severd researchers have pointed out and
discussed problems with the VMA criterion in Superpave volumetric mix design, and afew have
proposed changes (3, 4, 5, 6, 7, 29). These changes have centered on modifying the minimum VMA
criterion to differentiate coarse and fine gradations. A few have argued for replacing the minimum VMA
versus nominad maximum aggregate Sze criterion with a minimum asphdt film thickness specification.

Severd researchers have pointed out aggregate factors other than nomina maximum aggregate size that
affect VMA. These include percent filler, shape, surface texture, percent crushed aggregate, fine
aggregate angularity, and coarseness of the gradation.

The aggregate factors that seem most important are surface texture, shape, and gradation. Of these,
gradation is obtained by performing aseve andysis, but surface texture and shape are not so easy to
messure.
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3 MATERIAL PROPERTIES

Sdlection of materids was undertaken with the assstance of the lowa DOT bituminous materids
engineer and his g&ff. It was decided that the agphat used for the study would be a grade commonly
used in lowa, an unmodified Superpave performance grade PG 58-28 binder. Sdlecting the aggregates
involved considerably more work, as the god wasto find loca sources of both manufactured and
natura aggregates, to obtain sufficient quantities of each for the project and to characterize the materids
using basic tests, e.g., specific gravity, absorption, gradation, shape, and texture.

Asphalt Binder

Asthe binder was not intended to be a variable in the study, it was important that it be of atypica
performance grade specified for use in lowa. Jebro, Inc., of Sioux City, lowa, supplied 10 five-gdion
pails of aconventiond (i.e., unmodified) PG 58-28 binder. The binder test results and American
Association of State Highway and Transportation Officids (AASHTO) MPL specification requirements
aeligedin Table7.

TABLE 7 Superpave Test Properties of Asphalt Binder Used in Laboratory Testing

Test Measured Test Results  Specification Requirement
Unaged Properties
Rotationd viscosity 0.247 3.0 maximum
at 135 degrees C
Dynamic shear a 10 rad/s kPa 1.024 at 58 degrees C 1.0 minimum
Ralling Thin FIm Oven (RTFO) Resdue
Mass | oss (percent) 0.248 1.0 maximum
Dynamic shear at 10 rad/s kPa 2.515 at 58 degrees C 2.2 minimum
Pressure Aging Vesse (PAV) Residue
Dynamic shear at 10 rad/s kPa 4253 at 19 degrees C 5000 maximum
Creep diffnessat 60 s, MPa 239 at —18 degrees C 300 maximum
m-vaue 0.303 at —18 degrees C 0.300 minimum
Aggregates

Because the focus of the study was how aggregate-reated factors affect critical VMA it was essentid to
select aggregates that were measurably different using common aggregate tests, e.g., fine and coarse
aggregete angularity, flat and eongated particles, etc. Idedly, it would have been desirable to select
aggregates based on specific (i.e., predetermined) test properties for comparison, but thisis not
practicaly possible. To get around this, it was decided to find two sources of aggregates (one
manufactured [crushed], and one natura [uncrushed]) and test the aggregates to make sure they were
clearly different.
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Automated Sand and Gravel of Fort Dodge, lowa, provided both the coarse and fine natural aggregates
used in this sudy. Martin-Marietta Aggregates of Ames, lowa, supplied the manufactured (crushed)
aggregates used in the study.

Aggregate Testing

The next question is What aggregate properties or parameters need to be characterized and/or
measured in the study? Superpave requires two categories of aggregate tests.

1. Consensus properties, which measure critical aggregate characteristics necessary to achieve
good performance. These tests are (a) coarse aggregate angularity, (b) fine aggregate
angularity, (c) flat, eongated particles, and (d) clay content.

2. Source properties, which are also important to mixture performance but are source specific
and relate to the inherent qudity of the parent materid. These tests include (a) toughness,
(b) soundness, and (c) deleterious materials.

Since both the manufactured and natura aggregates are regularly used in HMA production, the source
tests were not performed. The consensus tests were performed on both aggregates.

Aggregate Properties
Coarse Aggregates

Unfortunately, the Superpave tests that measure coarse aggregate shape and surface texture are
generdly rather indirect:

flat or eongated particles in coarse aggregate (ASTM D4791) and
determining the percentage of fractured particles in coarse aggregate (ASTM D5821).

Flat and elongated particles impede compaction and consequently affect strength. Thistest usesa
proportiond caliper device to determine whether each particle exceeds a specified ratio of maximum to
minimum dimension retio. Most states (81 percent) specify aratio of 5:1 (40). The fractured particles
test is performed on aggregates retained on the No. 4 seve. A fractured particle is defined as a particle
with one or more crushed faces, with ASTM specifying a crushed section as having a minimum crushed
area of 25 percent of the maximum cross-sectiond area of the particle. For the aggregates used in the
study, the results of these two tests are shown in Table 8.
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TABLE 8 Shape and Surface Texture Propertiesfor Coar se Aggregates

Fractured Faces Flat and Elongated

(per cent mass) (per cent mass)

lormore 2or more 3.1 51
125 mm 0 0 0.5 0
Naturd 95mm 0 0 0.5 0
4.75 mm 0 0 2.3 0
125 mm 100 100 15 0
Manufactured 9.5 mm 100 100 12 0
4.75 mm 100 100 13 0

For the natural aggregates, most of the materid had obvioudy been fractured at one time but had been
subsequently worn smooth. There were no freshly fractured faces. There were afew flat particles, but
none that were elongated. For the manufactured aggregates, the materia was entirely fractured on two
or more faces, with asmall percentage of flat particles, but none that were elongated.

Fine Aggregates

Conventionally, most state highway agencies control the fine aggregate particle shape and surface
texture by specifying a maximum percentage of natural sand in the aggregate blend (35). Superpave
uses asingle test to measure the particle shape and surface texture of fine aggregate: uncompacted void
content of fine aggregate (ASTM C1252).

In this test, fine aggregate of a specified gradation is funnded into a cylinder. The amount that is retained
in the cylinder isweighed, and the voids are computed using the bulk specific gravity of the fine
aggregate. There are three variations to the test: method A (a specified blend), method B (individua
seve size), and method C (gradation as received).

The three methods are not interchangesble, i.e., the results using method A should not be compared
with results usng methods B or C. In short, method A is specified by Superpave to be the preferred
method, and method C is not recommended as fluctuations in gradation during production can
ggnificantly influence the vaue obtained. Only test methods A and B were performed on the materials,
and Table 9 below shows the results obtained.

TABLE 9 Shape and Surface Texture Properties of Fine Aggregate

Manufactured Natural

Method A Spedfied Bled  46.7 20.7
Nos. 8-16 51.2 42.3
Nos. 16-30 53.2 475
Method B Nos. 30-50 53.1 46.6

Nos. 50-100 54.8 49
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The results indicate that the manufactured and naturd aggregates were Sgnificantly different in
uncompacted void content.

Clay Content

Superpave uses one test to measure the percentage of clay in the aggregate fraction that is finer than the
No. 4 seve: pladtic fines in graded aggregates and soils by use of sand equivaent test (ASTM D2419).

For both aggregate sources, the gradation with the highest content of materid passing the No. 4 seve
was used. The results, shown in Table 10, were convincing enough to suggest that both were very clean
and good aggregates for asphalt mixtures (thisis reassuring since they are both being used for asphalt
mixed).

TABLE 10 Clay Content

M anufactured Natural

Nominal maximum size (mm) 195 125 95 195 125 95

Sand equivaent — — 95 — — 91

Specific Gravity

The tests used to determine specific gravity are
specific gravity and absorption of fine aggregate (ASTM C128) and
specific gravity and absorption of coarse aggregate (ASTM C127).

Because the study focuses on mix volumetrics, for obvious reasons, these tests were of grest
importance. These tests were run on duplicate or triplicate specimens (often more!) to try to obtain the
specific gravity for each Seve size. The specific gravity test results are listed in Table 11.

TABLE 11 Specific Gravity Test Results Obtained Using ASTM C127 and C128

M anufactured Natural

125 mm 2.558 2.481
95mm 2.578 2.515
No. 4 2.553 2.519
No. 8 2.591 2.543
No. 16 2.593 2.546

For the fine aggregate passing the No. 8 seve, tests were performed using a Le Chatelier’ s flask
following ASTM C188 and C189, except water was used instead of kerosene. This method was used
because of the difficulties inherent in getting the rdatively single-sized sieved materid finer than No. 16
to an identifiable saturated- surface dry condition. The specific gravity test results (averages with
standard deviations) are listed in Table 12.

TABLE 12 Specific Gravity Results Obtained Using ASTM C188 and C189



M anufactured Natural
Average Standard Average Standard

Deviation Deviation
No. 30 2.712 0.015 2.648 0.006
No. 50 2.706 0.002 2.638 0.009
No. 100 2.741 0.013 2.664 0.011
No. 200 2.777 0.048 2.673 0.014
P200 2.817 0.035 2.640 0.025

As might be observed, there is quite a difference in values between the two methods, which is due to the
fact that the vaues obtained using Le Chatdier’ s flask are more an gpparent specific gravity than a bulk
gpecific gravity. Trying to get the bulk specific gravity for theindividud fractions finer than No. 16 is
very difficult usng ASTM C128. Hence, while not strictly correct, the averaged results for the seved
source materias were used to caculate the bulk specific gravity for each of the blends, listed in Table
13.

TABLE 13 Calculated Specific Gravity for Each Aggregate Blend

Gradation 95mm 125 mm 19.0 mm
Fine 2.647 2.631 2.624
Manufactured Dense 2.628 2.616 2.608
Coarse 2.612 2.604 2.599
Fine 2.613 2.597 2.592
50/50 Blend Dense 2.593 2.585 2.578
Coarse 2.577 2573 2571
Natural Coarse—-  Fne 2.632 2.607 2.599
Manufactured Dense 2.601 2.590 2.580
Fine (NCMF) Coarse 2.577 2.573 2.570
Fine 2.580 2.565 2.560
Natura Dense 2.559 2.554 2.549
Coarse 2.542 2.544 2.543

The results for the blends show atrend in regard to nomind maximum aggregate Sze, generdly
decreasing specific gravity as nomina maximum aggregate size increases. Likewise, as the mixes get
finer, the specific gravity increases.

Absorption is not reported because it was not obtained on the Seve szes where Le Chatelier’ s flask
was used. Absorption is indicative of how much binder the aggregate will absorb; e.g., higher water
absorption generdly indicates higher agphdt absorption.

Gradations

Three nominal maximum aggregate sizes, 19.0, 12.5, and 9.5 millimeters (0.75, 0.5, and 0.375 inches,
respectively) were selected to represent the agphalt mixes commonly used in lowa Aggregate fractions
were carefully proportioned in the |aboratory to meet the selected target gradations shown in Figures 7—
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9 and Table 14. Onefine, one dense (following the Fuller curve), and one coarse gradation were
sdected for each nomind maximum aggregate size. Each blend was designed to have the same amount
of passing 75 micron (P200) and this was checked using awashed-seve andyss. The materid on each
Seve was weighed to the nearest 0.1 gram.

Aggregate Blends

Table 1 (page 6) shows the intended laboratory test plan dong with the completed test schedule. As
shown, the origind test matrix specifies nine blends times nine gradations times five asphalt contents
times two (replicate) specimens = 810 specimens. After completing testing of the first 90 specimens,
time and materid limitations and the clarity of the results to date dictated that the scope of testing be
reduced to four blends (atota of 360 specimens). The four blends selected are

1. manufactured—each gradation is 100 percent crushed materia (coarse and fine);
2. 50/50 blend—each gradation is a blended 50 percent crushed, 50 percent natural on each Seve
Sze

3. manufactured fine-natural coarse—the materid passing the No. 4 seve was 100 percent
crushed and the materia retained 100 percent natural. The coarse (natural) aggregate was
washed to ensure that the P200 materia was obtained entirely from the crushed aggregates, and

4. natura—each gradation is 100 percent natural materid (coarse and fine).

It was believed that these four blends would provide enough informétion to eva uate the effects of
gradation and shape for both the fine and coarse aggregates.

Summary

Thefirst step in the project was to salect sources of manufactured and natural coarse and fine
aggregates to be used in the study. Once this was done, the next step was to characterize the aggregates
through testing to measure differences. The Superpave aggregate consensus tests were performed on
both the manufactured and natural aggregates. The results obtained are reported in Tables 8, 9, and 10.
The bulk specific gravity was cdculated for each of the 36 blends, and these results are presented in
Table 13.
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TABLE 14 Aggregate Gradations

Per cent Passing

Sieve No. (mm) 9.5-mm NMAS 12.5-mm NMAS 19.0-mm NMAS
Fine Dense Coarse Fine Dense Coarse Fine Dense Coarse

19.0 100 100 100 100 100 100 100 100 100
12.5 100 100 100 95 95 95 87 74 65
9.5 95 95 95 86 73 65 78 65 55
4.75 80 65 55 65 54 45 59 47 40
2.36 60 47 36 50 39 32 45 34 28
1.18 45 34 25 37 29 22 33 25 20
0.600 32 26 17 27 21 15 25 18 14
0.300 22 19 12 18 15 10 18 13 10
0.150 9 9 9 9 9 9 9 9 9

0.075 4 4 4 4 4 4 4 4 4




4 METHODOLOGY

Once the materias had been sdlected and characterized, the focus shifted toward the methodology to
be used in laboratory testing. From the outset of the project, the approach was to follow Superpave mix
design procedures (41), to follow the applicable British Standards for the use of the NAT, and to
streamline test wherever possible. The same specimens would be used (and reused where possible)
throughout the testing, for bulk specific gravity testing, NAT testing, and for theoretical maximum
specific gravity determination. Thus, in presenting the testing methodology, any deviations from either the
Superpave mix design protocol or gpplicable British Standards are highlighted and discussed to ensure
that there is no confusion.

Preiminary Issues

Prior to beginning testing, the two grestest concerns were the unfamiliarity with the NAT repeated load
triaxiad (RLT) test gpparatus and compaction of the specimens in the Superpave Gyratory Compactor
(SGC). From the literature search it was determined that the Transport Research Laboratory (TRL)
found the NAT equipment promising as alaboratory test for assessng deformation resistance, and that
it wasfairly easy to use (17). However, this was only the second NAT imported into the United States,
and the first configured with RLT test capability. Hence, some basic questions with the test apparatus
had to be answered prior to |aboratory testing:

1. What test conditions (temperature, stress regime, duration) would be used?

2. What information would the RLT provide?

3. Wasit compatible with asphdt specimens compacted in the Superpave Gyratory
Compactor?

4. Would sawing and polishing be required prior to testing the SGC specimens?
5. How much time and effort would be involved per cdl of testing?

Specimen compaction aso posed some difficult questions:

1. Would compaction be fixed (at agiven number of gyrationsin the SGC, Ng,) or would a
fixed ar void content be targeted?

2. What leve of compaction would be used?

Efficiency answered the first question—it was just not practica to try to get al specimensto afixed ar
voids (four percent). It would have required considerable time and would have used up alarge quantity
of materid. For astudy examining aggregate-related factors, using different compaction levels would
possibly confuse the issue, as the crushed material would undoubtedly require more compactive effort to
achieve the same void content. This additional compactive effort, combined with the crushed aggregeate
surface texture, would skew the results. Increasing the compaction could aso lead to particle crushing,
which would further bias the results.

Onceit was decided to use asingle compaction level, the next step was to sdlect which leve to use. For
the study, specimens would be compacted to 109 gyrations plus afive-gyration leveling load. Thisisthe
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required Nges compaction for traffic between 10 and 30 million equivaent single axle loads (ESALS), a
common design traffic level used for intersate highwaysin lowa

Pilot Study

To get familiar with the new equipment, a pilot study was undertaken to ascertain the capabilities and
limitations of the NAT. As presented in the literature review, there are currently no standard test
conditions for the RLT test. Temperatures of 40, 45, and 50 degrees C, (104, 113, and 122 degrees F,
respectively) were used in conjunction with confining pressures of 35, 70, and 100 kPa (5, 10, and
14.3 ps, respectively). Initidly, a deviator stress of 250 kPa (35.7 psi) was used; thiswas raised to 300
kPa (42.9 pg), the limit of the equipment, when anew source of air pressure was ingdled. Of criticd
importance was determining the number of cyclesto be used in each test. The load frequency isfixed at
2 hertz, hence there would be 1800 load gpplicationsin one hour. The maximum test duration of the
equipment is 10,000 cycles. Because of the number of specimens to be tested, it was deemed
imperative that the test be no longer than one hour. It was adso necessary to determine the conditioning
time for a gpecimen to get to test temperature. From the pilot study the following information was
learned:

1. Test conditions of 45 degrees C (113 degrees F), 17 kPa (2.4 ps) confining stress, 300
kPa (42.9 ps) deviator stress, and atest duration of 1800 cycles (one hour) would be
used. It takes gpproximately 125 minutes for the specimens to get to test temperature;
therefore, 130 minutes was used as the conditioning time for the study.

2. The RLT measures verticd strain and computes stiffness. There is no measure of volumetric
dran.

3. TheRLT is competible with SGC specimens. However, specimens of norma height (115
millimeters) are the upper limit of the equipment as configured and are awkward to test.
This limits the maximum practica height to diameter ratio to about 0.75, which is below the
conventionaly accepted minimum ratio of 1:1 for triaxid testing.

4. The specimens would not be cut and polished; however, they would be lubricated with
slicon grease prior to testing.

5. Basad on the conditioning time of 130 minutes and assuming an average time of 10 minutes
to remove and replace test pecimens, five to six specimens could be tested in atypica day.

The conditions used for testing are summarized in Table 15.

TABLE 15 Test ConditionsUsed in the Study

Test Property Test Conditions
Temperature 45 degrees C (113 degrees F)
Deviator stress 300 kPa (42.9 ps)

Confining sress 17 kPa (2.4 ps)

Number of repetitions 1800 cycles (1 hour)
Specimen ends Unsawn, lubricated
Preconditioning 2 hours at test temperature




The awkwardness of testing 115-millimeter (4.53-inch), 4700-gram (10.4-pound) specimens made it
desrable to use a different Sze of specimen. Previous research (42) and consultation with the lowa
DOT bituminous engineer and his gaff indicated that the dengty of the SGC compacted HMA would
not be sgnificantly affected if the specimen height was decreased to 75 millimeters (2.95 inches) and
weight to 3375 grams (7.44 pounds).

Laboratory Testing Protocol

The protocol used for laboratory testing followed AASHTO standards wherever possible. However,
because there were some deviations from convention, for discussion purposes, the laboratory work is
broken down into distinct steps.

batching;

mixing, aging, and compaction;

pre-NAT bulk specific gravity;

NAT tedting;

post-NAT bulk specific gravity; and

theoretical maximum specific gravity.

o o~ w D PE

The laboratory process is shown graphicaly in aflowchart (Figure 10).
Batching

Prior to testing, the aggregates had been dried, sSeved, and stored in 20-gdlon containers. Once a
gradation blend was sdlected, the first step was to determine the quantity of filler (materia passing the
75-micron Seve) contained in that blend. To do this, a washed-Seve andysswas performed following
the procedures of AASHTO test method T11-91, on two 1000-gram (2.2-pound) samples. The test
results were averaged, and if the difference was more than 0.5 percent, athird test was performed.

Once the percent of filler was determined, ten specimens (two at each asphdt content) were blended as
shown in Table 16. Specimens were heated in an oven overnight to approximately 160 degrees C (320

degrees F). The asphat was heated at 147 degrees C (297 degrees F) until it was sufficiently fluidal for

mixing.

TABLE 16 Batch Aggregate Weights Used in Laboratory Testing

Asphalt Content Weight of Blended Aggregate
(by weight of mix)

4 3240 grams (7.14 pounds)

5 3206.3 grams (7.07 pounds)

6 3172.5 grams (6.99 pounds)

7 3138.8 grams (6.92 pounds)

8 3105 grams (6.85 pounds)
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FIGURE 10 Flow Chart of Laboratory Testing
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Mixing, Aging, and Compaction

Mixing, aging, and compaction were performed in accordance with AASHTO TP4-93. The viscosity of
the binder targeted a mixing temperature of 147 degrees C (297 degrees F) and compaction
temperature of 135 degrees C (275 degrees F). The aggregates were placed into a heated mixing bowl
and dry mixed by hand. The asphat was added, then the asphat- aggregate mixture was mixed
mechanicaly for 3045 seconds (until a uniform coeating was observed). The mix was then transferred
to apan and aged for two hoursin an oven at 135 degrees C (275 degrees F). After an hour the mix
was dirred to ensure uniform heating and aging.

The specimens were compacted to 109 gyrations in the SGC then dlowed to cool overnight. Some of
the “rich” mixes required usng two sets of papersin the mold to prevent the compacted specimen from
gticking to the ram. Once cooled, the bulk specific gravity of the compacted specimens was obtained
following AASHTO T166-93. The specimens were then “air dried” back to within 1 gram of their
origind weght.

NAT Testing

Prior to testing, the specimens were conditioned in NAT for 130 minutes to ensure that they were
equilibrated at the test temperature of 45 degrees C (113 degrees F). NAT requires specimen heights
to the nearest millimeter; the SGC provides height data to atenth of a millimeter. After checking severd
gpecimens with a micrometer, it was decided to use the SGC height data and round to the nearest
millimeter.

Once the specimens were at test temperature, the platens of the gpparatus were coated with a thick
layer of dlicon Teflon grease. The specimen was placed on the bottom platen, the rubber membrane
did over the specimen, and secured with an O-ring. The top platen was set in place and secured with an
O-ring. Then the jacketed specimen was placed in the temperature chamber, and the vacuum hose was
connected. The vacuum of 17 kPa (2.4 ps) drew the membrane tight, and any wrinkles were smoothed
out. Then the gpparatus was centered in the |oad frame, the cross head adjusted to the correct height,
and linear varidble differentia transformers (LVDTS) centered for testing. With practice, the procedure
can be done very quickly, only taking afew minutes. There is atwo-minute period of load
preconditioning prior to the test beginning. After this, the specimen receives 1800 applications of a 300
kPa (42.9 ps) load, and the accumulated axia strain is measured.

Oncethetest is complete, the specimen is carefully removed and is alowed to cool to room
temperature, the platens and membrane are cleaned and wiped dry, and the next test is Sarted.

Post-NAT Testing

After cooling, the bulk specific gravities of the specimens were again measured in accordance with
AASHTO T166-93. There usudly was not a sgnificant difference between the pre-NAT and post-
NAT bulk specific gravity. The specimens were then placed in a pan and heated for approximately two
hours at 135 degrees C (275 degrees F) to soften them up to break prior to determining their
theoreticd maximum specific gravity following AASHTO T209-94.
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Summary

Developing a consstent, rigorous, and, most important, usable test protocol was a fundamental task in
the study. It was important to follow existing specifications wherever possible yet at the sametime
perform the testing on schedule.

AASHTO specifications were followed with one notable exception in that the mass of the SGC
specimens was 3375 grams (7.44 pounds), instead of 4500-4700 grams (9.92—10.23 pounds). The
applicable British Standards calling for specimen ends to be sawn and polished were not followed as
that would have been time consuming and would have crested difficulties with determining the
theoreticad maximum specific gravity of the test gpecimen. Compacted specimens ranged in height from
75 to 87 millimeters (2.95 to 3.43 inches).
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5 ANALYSISOF TEST DATA

In this section, the results obtained from the laboratory testing are analyzed and discussed. The find
conclusions are developed and presented.

Definitions

The VMA isthe volume of intergranular void space between the coated aggregate particles of a
compacted paving mixture, which includes the air voids and volume of the asphdt not absorbed into the

aggregates.

Two additiond definitions are crucid to the ensuing discussons and must be clearly differentiated:
minimum VMA and criticd VMA. Specifications and literature abound with requirements for “minimum
VMA.” Previous studies into VMA dating back to McLeod' s origina paper (2) make reference to
“minimum VMA” and draw conclusions and make recommendations based on congderation of this
parameter. The authors believe that there is some confusion within the industry in this regard and seek to
clearly differentiate between the different flavors of VMA.

Minimum VMA

For the purposes of this study and report, the term “minimum VMA” is defined to indicate the smallest
VMA measured on a given aggregate blend, when compacted with a given energy over arange of
binder contents. Thisis a statement of the volumetric state of amixture under certain conditions—it
makes no statement as to the competence or suitability of the mixture at that state.

In Figure 11, it can be seen that a representative aggregate blend used in this study (the natural coarse-
naturd fine 12.5-millimeter coarse gradation), compacted to 109 gyrationsin SGC over arange of
binder contents (4 to 8 percent), demongtrates a minimum VMA of approximately 12 percent a 5.4
percent asphalt content.

Specified VMA

Asdidtinct from minimum VMA,, as defined above, Superpave (40), the Asphat Indtitute (36) and
others specify that the VMA of adesign mixture shdl not be less than a specified “minimum VMA..”
Thisminimum VMA refers to a suggested relationship between VMA and nomina maximum aggregate
sze originaly proposed by McLeod in 1959 (2). McLeod suggested that a mixture withaVMA less
than that specified would have insufficient “space’ or “free volume’ to contain the volume of binder
codting the aggregate particles and the volume of air voids deem appropriate for satisfactory
performance. This relationship has been modified over the years but remains essentialy the same as
origindly proposed. Table 17 shows the current Superpave specification of this“minimum VMA” (40).
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TABLE 17 Superpave Specified VM A

Nominal Maximum Size Specified (minimum) VMA
Metric U.S. Customary (per cent)
95 mm 3/8inches 15.0
125 mm 0.5inches 14.0
19.0 mm 0.75 inches 13.0
25.0 mm linch 12.0
37.5mm 1.5inches 11.0
50.0 mm 2 inches 10.5
Critical VMA

By implication, a mixture with aVMA larger than the specified VMA should be sound, while one with a
VMA lessthan that specified is expected to be unsound. This project seeks to measure the VMA a
which mixtures in fact trangtion from sound to unsound. Thisidentified VMA isreferred to asthe
“critica VMA.”

Thefirgt objective of this project isto determine whether the * specified VMA” correctly identifies the
“criticdl VMA” of HMA mixtures. Indeed, thisis our evidence againgt which the McLeod hypothesisis
to be tested.

In most cases, the specified (minimum) VMA isintended to address the problem of strength and
dability of the mixture. However, there is some discussion within the industry about the possibility of
defining a“maximum VMA” designed to address the question of durability. This concept is not
addressed in this project.

L aboratory Results

The andydis of test dataincluded a preiminary step to determine the critica trandtion (i.e., the condition
a which the mixture isidentified by testing to trangtion from sound to unsound behavior). The
volumetric properties of mixtures at the point of trangition are thereafter identified and subjected to
detigtical andyss.

Preliminary Analysis of Results

Once the laboratory testing was complete, the test data were andyzed to determine the critica
volumetric properties for each of the 36 aggregate blends. The first step of the andysis was to determine
the critica trangtion asphat content of the compacted HMA mixture based on avisud analyss of the
NAT results. To show how this was done, the test results for the three 19-millimeter NMAS crushed
aggregate blends are shown in Figure 12. The criticad trangtion point was the agphat content a which
the mix became unsound, i.e., where the axia strain rate began to increase dramaticaly. Examining
Figure 12, the critica asphdt contents of the three mixes are 6.6 for the coarse, 6.3 for the dense, and
6.9 for the fine-graded mix. Five of the 36 mixes did not become unsound over the range of asphat
contents used in the study. For each of the thirty-one mixes that became plagtic (i.e., unsound), the
volumetric properties were caculated at the critical point. Whereas McLeod specified VMA at five



percent ar voids and Superpave at four percent air voids, the criticd VMA identified in this project is
defined at whatever air content was measured &t the point that the mixture became unstable,

This procedure was performed for each of the 36 blends, and the critical-state volumetric properties are
presented in Table 18. As shown in Table 18, five of the 36 gradations did not become unsound over
the range of asphat contents used in the study (four to eight percent).
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TABLE 18 Summary of Measured Critical State Volumetric Parameters

Gradation CA/FA NMAS (mm) Pbyit  Va VMA VFA FT
Coarse 50/50 9.5 6.2 3.0 13.6 77.7 9.1
Coarse 50/50 125 54 3.0 11.6 74.5 7.7
Coarse 50/50 19 4.8 2.9 10.0 70.5 6.4
Dense 50/50 9.5 6.4 3.2 13.7 76.3 8.6
Dense 50/50 125 5.6 1.6 11.7 86.4 7.7
Dense 50/50 19 4.4 4.8 11.1 56.5 5.2
Fine 5050 95 NR O
Fne 50/50 125 5.9 34 14.3 76.1 7.8
Fne 50/50 19 51 2.2 10.9 79.8 6.3
Coarse M/M 9.5 6.2 2.8 13.8 79.9 9.2
Coarse M/M 125 6 1.6 12.1 86.9 9.3
Coarse M/M 19 54 3.0 11.9 74.3 8.0
Dense M/M 9.5 7.1 11 16.1 93.0 9.5
Dense M/M 125 6 3.2 13.7 76.3 8.2
Dense M/M 19 5.7 2.2 12.1 82.0 8.1
Fne M/M 125

Fne M/M 19 6.4 3.4 15.0 77.2 8.5
Coarse NCMF 9.5 6.3 35 13.7 74.4 8.5
Coarse NCMF 12.5 5.6 25 11.4 78.4 7.9
Coarse NCMF 19 51 2.3 9.6 76.4 6.6
Dense NCMF 9.5 7.2 1.2 14.6 91.8 9.4
Dense NCMF 12.5 12.2 82.3

Dense NCMF 19 11.2 72.5

Fne NCMF 12.5

Fne NCMF 19 13.2 78.1

Coarse N/N 9.5 53 2.4 11.4 78.6 7.6
Coarse N/N 125 55 2.7 12.3 78.2 8.8
Coarse N/N 19 4.8 2.4 8.8 73.2 6.0
Dense N/N 9.5 54 2.6 12.6 79.7 6.9
Dense N/N 12.5 5 2.1 10.6 80.3 6.7
Dense N/N 19 45 3.2 9.3 65.9 5.1
Fne N/N 9.5 5.1 5.6 14.6 61.4 5.7
Fne N/N 12.5 5.3 3.2 12.9 75.5 6.9
Fne N/N 19 51 2.8 11.0 74.7 5.9




Statistical Analysis

The first question to be posed and answered is whether the specified VMA vaues given in Table 17
adequatdly discriminate between sound and unsound mixtures. Figure 13 shows the relationship
between the specified and critical VMA identified in this project. It can be seen that only three out of 28
results exceed the specified vaues. The implications of these results can be summarized asfollows:

A mixture, A (see Figure 13), compacted to the design degree of compaction exhibitsa
VMA of 15 percent. This exceeds the specified minimum value of 13 percent for a 19-
millimeter gradation. All other factors aside, this would be deemed an acceptable mixture.
However, it should be realized that if this mixture were to be “ overcompacted” to 14
percent VMA, it would still be deemed acceptable even though it has here been
identified to be unstable at any magnitude of VMA less than 15 percent.

A different mixture, B, compacted to the design degree of compaction exhibitsaVMA of
10 percent. This does not meet the specified minimum VMA requirements and would be
rejected as unacceptable. However, this mixture would, in fact , exhibit stable
behavior.

As previoudy noted, one important difference between the two sets of data shown isthat the values
from Table 17 are based upon an air void content of 4 percent, while the values obtained from this
project have air void contentsin the range 1.9 to 4.0 percent. It should be noted that an earlier edition
of Table 17 published in the Asphalt Inditute MS-2 provided criticd (minimum) VMA vduesfor a
range of air void contents (3, 4, and 5 percent). Because VMA =V, + Vy,, (0r VMA = air void content
+ effective binder content) and the Asphdt Ingtitute table referenced implied a congtant effective binder
content for dl values of air void contents, it may be inferred that the effective binder content should be
the more critical parameter. Figure 14 shows the effective binder content implied by Table 17 above
with those obtained from this project in Table 18. In this case, the reiability of the criterion is 10 out of
28.

Clearly, current design criteriaare not robust predictors of the threshold between sound and unsound

performance. In the following sections, each of the rlevant volumetric parameters, V,, VMA, V., and
VFA will be examined in the light of the aggregate properties and results obtained.
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Voidsin the Mineral Aggregate

It is hypothesized that the VMA & which a mixture becomes unsound (i.e,, the criticdl VMA) isa
function of aggregate properties. The current criteriafor criticadl VMA (Table 17) are based soldy on
the nominal maximum size of the aggregate. Based on anecdotd evidence and personad observation, it
has long been felt in the industry that other factors such as aggregate shape and texture must play a part.
Furthermore, McLeod stated that his recommendations were based on “ dense gradations’; however,
dense gradations have become less and less common over the years, and under Superpave they are
effectively impossible because of the presence of the so-called “redtricted zone.” A dense gradation is
generdly defined as following closdy on the Fuller maximum dengty line.

In lowa, the DOT has for many years relied on the use of film thickness to limit binder content. While
film thicknessis primarily afunction of the binder content, it is dso afunction of the surface area of the
aggregate blend. Surface areaiis not a measured quantity but is computed based on surface area
coefficients for each sze fraction of the aggregate. Consequently, surface area (as defined) is a possible
factor in the determination of a criticd VMA.

Thisleads to the hypothesis thet the critical VMA in amixture is afunction of various aggregate
properties, or

VMA,,, =j (NMAS,CAPC,FAPC,FM,SA)+e )

where
NMAS= Nomind Maximum Aggregate Sze (in millimeters) ,
CAPC = Coarse Aggregate Percent Crushed
FAPC = Fine Aggregate Percent Crushed
FM = Fineness Modulus (ASTM C33) , and
SA = Surface Area (Asphdt Indtitute, MS-2).

An ANOVA andysis of the datain Table 18 was performed to identify the significance and quaity of
the influence of these factors on the criticadl VMA identified in each mixture tested (see Table 19).

TABLE 19 ANOVA Resaultsfor VMA VersusNMAS, CAPC, FAPC, FM, and SA

Sour ce Sum of Squares Degreesof Freedom Mean Squares
Model 76.133 27 2.820

[ ntercept 4184.617 1 4184.617

FM 51.150 8 6.394

CAPC 12.993 2 6.496

FAPC 9.103 1 9.103

FM x CAPC 2.073 11 0.188

FM x FAPC 0.814 5 0.163
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These results indicate that only three of the factors (fineness modulus, CAPC, and FAPC) and two
interactions (FM x CAPC and FM x FAPC) are sgnificant at the 5 percent level. The NMAS and
surface area are identified as being of no gatistica sgnificance.

In order to test these results, it was decided to perform alinear regresson anaysis of (1) VMA versus
log (NMAYS), i.e, the origind McLeod hypothesis, and (2) VMA versus FM, CAPC, and FAPC. (The
interaction factors were dropped at this point since their contributions to the variance were so small, MS
<0.2)

Thefirg of these regressons, VMA = glog1)[NMAY]),
VMA =22.605- 9.238log;o(NMAS) 12 =0472  see=1220 , 2
yiedsthe resultsin Table 20.

TABLE 20 Regression Resultsof McLeod VMA VersusNMAS Relationship

M odel Sum of Squares Degreesof Freedom Mean Square F
Regression 37.438 1 37.438 25.155
Resdua 38.695 26 1.488

Tota 76.132 27

Thisindicates that the observed relationship between measured criticd VMA and nominad maximum
aggregate size done is tenuous at best (r? = 0.47). Comparing the predicted results using equation (2)
againg the specified valuesin Table 17, the resultsin Table 21 are obtained.

TABLE 21 Comparison of Predicted and M cL eod/Super pave Critical VM A

Nominal Maximum Aggregate Size Critical VMA
Specified Predicted
Metric U.S. Customary (Table17) (Equation 2)
95 mm 0.375inches 15.0 13.6
125 mm 0.5 inches 14.0 125
19.0 mm 0.75 inches 13.0 10.8
25.0 mm linch 12.0 9.7%
37.5mm 1.5inches 11.0 8.1%
50.0 mm 2 inches 10.5 6.9°

*These values are extrapol ated beyond the range of NMAS tested.

It is clear that there is a Sgnificant difference between the two sets of numbers. However, it should be
recalled that the specified vaues are specifically set to alow for an air void content of four percent. The
measured vaues obtained by testing do not contain four percent ar voids (Table 19), being deficient by
about 1.5 percent in most cases.



The second regression andysis, VMAi: = 4FM, CAPC, FAPC), yidds the results shown in Table 22.
From this analysis, we note that the adjusted r* = 0.88 and the standard error of estimate (se.e.) =
0.58. Thisis a dgnificant improvement on that obtained previoudy. The resulting predictive relaionship
isthus

VMA;; = 26.20- 3.34FM +0.0129CAPC +0.0155FAPC r2=0.88 see =058 . 3

The meaning of this predictive equation must be clearly stated. It predicts the magnitude of the critical
VMA for the mixtures tested and compacted at 109 gyrations of the SGC. Figure 15 shows graphically
the very good fit between predicted and observed critical VMA for the data set studied. However, it
must be noted that the air void content is not constant. As observed above, the effective binder content,
Ve, COMprises a concomitant significant variable and should be equally investigated.

TABLE 22 Regression Resultsfor VM At = aFM, CAPC, FAPC)

22A Summary Output

Regression Statistics

Multiple R 0.9454
Rsquare 0.8938
Adjusted R square 0.8805
Standard error 0.5794
Observations 28
22B ANOVA
af SS MS F Significance F

Regresson 3 67.7819 22.5940 67.3143 0.0000
Residua 24 8.0556 0.3356

Totd 27 75.8375

Coefficients Standard Error  t-statistic P-value Lower 95% Upper 95%

Intercept  26.1999 1.1447 22.8879 0.0000 23.8373 28.5624
FM -3.3352 0.2550 -3.0/85 0.0000 -3.8616 —2.8089
CAPC  0.0129 0.0030 4.2637  0.0003  0.0067 0.0192
FAPC 0.0155 0.0030 52465 0.0000 0.0094 0.0217
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Volume of Effective Binder

A preliminary ANOVA sudy smilar to that undertaken for VMA was undertaken to identify the
ggnificant aggregate-related variables for the volume of effective binder (Vie). The same independent
variableswere identified, i.e., FM, CAPC, and FAPC. The resulting predictive equation is shown

below:
Vie =23018- 3.271FM +0.014CAPC +0.018FAPC r2=0.90 see=055 . 4
The ANOVA and regression results are given in Tables 23 and 24.
TABLE 23 ANOVA V,.VersusFM, CAPC, FAPC and Interaction Terms
Source Sum of Squares Degreesof Freedom  Mean Squares
Model 77.710 27 2.858
I ntercept 2528.900 1 2528.900
FM 49.935 8 6.242
CAPC 15.145 2 7.572
FAPC 9.079 1 9.079
FM xCAPC 2301 11 0.209
FM xFAPC 0.710 5 0.142
TABLE 24 Regression Vye VersusFM, CAPC, and FAPC
24A Summary Output
Regression Statistics
Multiple R 0.952%4
R square 0.90734
Adjusted R square 0.89576
Standard error 0.54615
Observations 28
24B ANOVA
df SS MS F Significance F
Regression 3 70.0970 23.3657 78.3355 0.0000
Residual 24 7.1586 0.2983
Total 27 77.2556
Coefficients Standard Error  t-statistic P-value Lower 95%  Upper 95%
Intercept 23.018 1.085 21.212 0.000 20.778 25.257
FM -3.271 0.242 -13532 0.000 -3.770 —2.772
CAPC 0.014 0.003 4.687 0.000 0.008 0.019
FAPC 0.018 0.003 6.448 0.000 0.012 0.024




The reaults obtained so far are shown to be significant and robust. However, it must be remembered
that, as before, these critical reaionships (VMAGit, Vie) Would have to be quoted together. The “older”
criteriafor “critica VMA” had to be quoted in conjunction with an air void content. The results derived
above would equally require the accompaniment of an effective binder content. Isthere any other
pertinent or critical parameters that should be given?

Voids Filled with Asphalt

A parameter that has not been discussed so far is the voids filled with asphdt. Thisis andogous to the
degree of saturation in soils, and represents the degree to which the VMA space isfilled with effective
binder. In the observed data, VFA isadmost constant and yet isidentified by ANOVA to be
ggnificantly influenced by the aggregate factors (see Table 25). The VFA results indicate that mixtures

trangition from sound to unsound at avaue of VFA in the range 63 to 83 percent. The average vaue
found at critica VMA is 77 percent, with a standard error of estimate of 1.09 percent.

VF A, =97.3961- 5.3343FM +0.03187CAPC +0.0583& APC r2=096 see=070 . (5)

TABLE 25 Regression VFA VersusFM , CAPC, and FAPC

25A Summary Output

Regression Statistics

Multiple R 0.98331
Rsquare 0.96690
Adjusted R square 0.96277
Standard error 0.69596
Observations 28
25B ANOVA
df SS MS F Significance F

Regresson 3 339.60161  113.20054  233.70881  0.00000
Residud 24 11.62478 0.48437

Tota 27 351.22639

Coefficients Standard Error  t-statistic P-value Lower 95% Upper 95%

Intercept  97.39611 1.38278 70.43503 0.00000 94.54219 100.25002
FM -5.33433 0.30808 -17.31468 0.00000 -5.97018 —4.69848
CAPC  0.03187 0.00367 8.67575 0.00000 0.02429 0.03945

FAPC 0.05838 0.00355 16.43152 0.00000 0.05105 0.06572
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The predictive equations derived thus far provide a means by which the critical Sate of amixture may
be estimated, based on aggregate factors. These are not design criteria. It isgill desirable to ensure a

range of air voids in alaboratory compacted mixture. It is il desirable to ensure adequate coating on
the aggregate particles. It is ill desirable to prevent acceptance of unacceptable mixtures.

The volume percentage of effective binder, V.., isrdatively insengtive to the level of compeaction and
may be considered areasonable design parameter. The difference between Vi, at critica stateand at 4
percent air voidsis minimd (~0.13 percent). This vaue could be used as a design requirement.

SUmmary

The primary volumetric parameter must be considered to be the effective binder volume, Vie. Thisis
bounded by the minimum amount of binder necessary to provide an adequate coating to the aggregate
and by an amount beyond which drain-down might be observed. The lowa DOT defines these limits
using the empirical measure of film thickness. film thickness is a composite measure of effective binder
volume and the normal surface area of the blended aggregate.

_10Py,  10GVpe
T A SA Gy

FT

(6)

The effective volume of binder, Vi, may be determined in either of two ways.

1. By defining adesrable film thickness, FT, which will, in conjunction with a measured
surface areg, SA, yidd an effective binder content, Pp.. Then a desirable (target) effective
binder volume may be found from Vie = Ppe X Gimi/Gp. This assumes that the bulk specific
gravity of the mixture, Gy, is known or can be estimated.

2. By udng the regression relationship given above, in equation (4), based on the aggregate
properties,

Vpe =23.018- 3.271FM +0.014CAPC +0.018FAPC .

()

Having defined a desirable binder content (volume), a criticd VMA may be defined indirectly using the
relaionship VFA =V, /VMA x 100 or VMA = V,/VFA x 100. In this relationship, the magnitude of
VFA is based on the aggregate factors through the regression equation (5):

VFA; =97.3961- 5.3343FM +0.03187CAPC +0.05838FAPC . 8)

Thiscritical state will be found to occur at an ar void content V, = VMA — V. Thiswill typicaly
observed to be less than 4 percent. To trandate these criticaly identified values to a design requirement
at 4 percent air voids, it will be necessary to adjust the critical valuesto design vaues; thus,



VMAges = 4+ g be 8
® T 100-Va) gy

©)

VF Ages A -4). 100

VMAG e

An example of this processis given asfollows A blended aggregate with a fineness modulus of 5.0
comprising a coarse aggregate with 85 percent crushed particlesisto be used with awholly (100
percent) manufactured sand. The volume percentage of effective binder isfound from equation (7) to be

Vie = 23.018 — 3.271(5.0) + 0.014(85) + 0.018(100) = 9.65 percent .
The VFA is estimated usng equation (8) isfound to be

VFAgi = 97.3961 — 5.3343(5.0) + 0.03187(85) + 0.05838(100) = 79.27 percent .
The critical VMA isfound to be

VMA it = Vo VFAGi: X 100 = 9.65/79.27 x 100 = 12.17 percent .
Similar results may be obtained usng equation (3), i.e,

VMAi = 26.20 — 3.34 x 5.0 + 0.0129 x 85 + 0.0155 x 100 = 12.15 percent .

However, use of the latter relationship precludes the discretionary selection of adesirable (or target) film
thickness. The criticd air void content is

Va=VMAit — Ve = 12.17 — 9.65 = 2.52 percent .
For design purposes (at Va = 4 percent), the design VMA (at V, = 4 percent) isfound to be
VMAgs =4 + (96 x 9.65)/(100 — 2.52) = 13.50 percent .

The mixture should be sound at this volumetric sate and should remain sound until the air voids are
reduced to 2.5 percent and aVMA of 12.2 percent.

General Discussion of Critical Statein HMA

The above analysis was entirely predicated on a specific compaction energy appropriate to 109
gyrations of an SGC. The question remains, What about other levels of compaction? This question leads
to an interesting discussion on asphat compaction and mixture soundness.

If we draw on the experience of the soils engineering fraternity, we can find an anaogous technology in
the compaction of soil materias and moisture-dengty relationships. A soil materid
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isadso aternary materid (soil-water-air) and is therefore generdly an andog to hot-mix agphalt
(aggregate-binder-air).

In the “design” of earthen embankments and subgrade preparation, soil materids are typicdly
conditioned over arange of moisture contents and are compacted to &t least one level of compaction. In
research gpplications, more than one level of compaction may be applied. The typical results of such an
exercise would appear smilar to those shown in Figure 16.

The axes on this chart differ from those that are conventiondly used inaHMA Marshdl design.
Molding water content (m percent, or w percent) istypically reported as percent by mass of solids,
while binder content, Py, is reported as percent by mass of mixture. Dry dendity (qgy) indicates the ratio
between the mass of the dry solid soil materid and the total (wet) volume of the soil sample, while the
unit weight (or bulk dengity, Gn,,) of HMA mixtures indicates the ratio of the total mass of the mixture
to thetota volume of the HMA sample. These customary definitions are due to the separate
development of the two technologies and are not materidly different since elther set of definitions can be
mapped into the other on a one-to-one basis, as shown in Table 26.

TABLE 26 Comparison of Soil Mechanics Versus Asphalt Technology Terminology

Soil Asphalt Conversion

Mechanics Technology
Moisture (binder) content W Py w =100 x P, /(100 — Py)
Dry (bulk) dengity [oh G Qi = Gmp (100 — Py,)/100
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The difference between dry density (soil) and bulk density (HMA) isingructive. Trandating the ol
mechanics dry dengty into “asphaltese,” it becomes the aggregate concentration in the mixture, i.e., the
meass of aggregate in the compacted mixture volume—as digtinct from the more conventiona bulk
density—that indicates the mass of both aggregate and binder in the compacted mixture volume. The
dry density of an asphat mixture (aggregate concentration), denoted heregfter G, isrelated to VMA
in the fallowing manner:

VA =100- 890~ PolBrb _; 0 100Cma _ o8 Cmdd (10)
Gy Gy Co g

From this relaionship, it can be deduced that minimum VMA corresponds to a maximum aggregate
concentration. Since the maximum aggregate concentration, G,g, 0ccurs at abinder content less than
that of maximum density, this explains why maximum sability in the Marshal design typicaly occurs a a
binder content somewhat less than the binder content necessary for maximum dengty.

The difference between peak dry dengity (aggregate concentration) and pesk dengity isingructive. In
Figure 17, two curves are drawn, one for G, and the other for Gg. For discussion purposes, the
graph has been divided into three phases, 1 (to the left of peak Gg), 2 (between peak G,q and peak
Gmb), and 3 (to the right of peak Gpp).

Phase 1—This phase represents a“dry” or “lean” soil or asphdt mixture. The water (binder) is
insufficient to adequatdly |ubricate the particlesinto a denser configuration. The properties
(dengty) of the mixture are controlled by the friction between the particles and it exhibits alow
cohesion and high friction angle.

Phase 2—In this phase, the volume of the moisture (binder) exceeds that necessary to mobilize
maximum friction (at pesk Gng). Adding more moisture (binder) lubricates the aggregate
particles sufficiently to overcome interparticle friction and collgpse the aggregate skeleton into a
more dense configuration.

Phase 3—Here, the densest aggregate dendity has been achieved, and to insert more moisture
(binder) it is necessary to displace some of the aggregate. This reduces the aggregate
concentration and the mixture density smultaneoudy. The interparticle friction is reducing while
cohesion isincreasing.

In soil mechanics the pesk dry dengty isidentified with peak strength, as shown in Figure 16 (43).
Likewise, for HMA, the condition a which the strength starts to drop (catastrophicaly) can be
identified with peak aggregate concentration (1). In this project, the binder contents at which strainin
the NAT wasidentified as sarting to increase Sgnificantly is closely tied to the binder content a which
peak aggregate concentration occurred.

In identifying the trangtion point from NAT data, the project team estimated (by eye) the point a which
drain started to increase, interpolating between binder contents at 1 percent increments. A further
egimate was made using the peak “dry density” or maximum aggregete concentration
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(independently of the strain results). The two methods agreed remarkably well with a standard error of
estimate of the differences between the two methods of 0.06 percent. We believe that this parameter
(i.e., maximum aggregate concentration) provides a powerful method of identifying acritical datein
asphdt mixtures.

Having just identified the maximum aggregate concentration as arobust identifier of a critical Sate
trangtion in HMA mixtures, it must be recaled that maxi mum aggregate concentration corresponds
to acondition of minimum VMA. Thus it must be concluded that the minimum VMA isthecritical
VMA, where the term “minimum VMA” is defined to indicate the smalest VMA measured on agiven
aggregate blend when compacted with a given energy over arange of binder contents, and critica
VMA represents a VMA threshold between sound and unsound performance.

The practica implication of this conclusion is that MclL.eod/Superpave minimum VMA specifications are
restrictive and unnecessary. Sound mixtures can be specified to have a sufficient coating of binder (Vie)
and not to exceed a proven saturation of binder in the VMA space (VFA)—as Bruce Marshdl
originaly proposed and the United States Army COE continues to specify—without aminimum VMA
requirement. It is believed that this concept, in conjunction with the methodology proposed above, will
provide the necessary and sufficient conditions to specify and design SUperior PERforming Asphalt
PAVEments.



6 CONCLUSIONSAND RECOMMENDATIONS

Conclusions

Mix designerstend to target mixture parameters close to the critical VMA, even for mixtures that might
not be dense graded. It appears prudent to expand and refine the relationship to include the effects of
aggregate-related factors such as gradation, percent crushed coarse aggregate, and percent crushed fine
aggregate. The gods of this project were to examine whether or not this was feasible and, if so, to
provide arationa method for adjusting the current minimum VMA—nomina maximum aggregate Sze
relaionship. It must be emphasized that the conclusions are based upon carefully controlled laboratory
testing of alimited number of gpecimens and have not been verified in the fied.

Based on the literature search, laboratory testing, and analysis of test data, the following conclusions are

made:

Literature Review

1.

The definition of minimum (or critical) VMA adopted by Superpave is dependent only upon
nomina maximum aggregete sze without regard to other Sgnificant aggregate-related
properties (35).

The minimum VMA criterion adopted by the SHRP Expert Task Group for Superpave was
essentidly that proposed by Norman McLeod in 1959 (2).

The avallable literature on the development of the minimum VMA criterion is sketchy;
McLeod presented his relationship without the research or data from which it derived and
suggested that it would be modified with experience and test data (2).

The implementation of Superpave has brought significant awareness of and renewed focus
on how difficult and problematic meeting the minimum VMA criterion can be for mix
designers (3, 4).

Prior to SHRP, there was some awareness of difficulties in meeting minimum VMA. Some
researchers attempted to develop rationa methods of increasing VMA based on gradation,
and others modified the criterion to account for gradation. (19, 27).

Thereis condderable interest in using asphdt film thickness ether to supplement or to
replace the minimum VMA criteria (3, 5, 6).

The |aboratory tests that seem best suited for determining the critical Sate trangtion of
agphdt paving mixtures are the permanent deformation tests. Reviewing the literature, there
is not aconsensus as to which laboratory test would best distinguish the critical Sate of
VMA. Based on cogt, availahility, ease of use, and the SHRP findings (9), the repeated
load triaxia test gpparatus appears to be the preferred method.



8.

Severd researchers have pointed out aggregate factors other than nomina maximum
aggregate Sze that affect VMA. These include percent filler, shape, surface texture, percent
crushed aggregate, fine aggregate angularity, and coarseness of the gradation.

Analysis of Test Data

1.

Summary

As shown in Figure 13, the specified VMA vaues provided by Superpave (Table 17) do
not appear to be adequate for identifying mixture performance; only three out of 28 results
were correctly identified, a success rate of about 11 percent. The three “correctly”
identified mixtures dill have the potentia to become unstable while meeting the specified
VMA vaues.

The volume percentage of effective binder, Vi, isrddivey insengtive to the leve of
compaction and appearsto be a critical parameter. As shown in Figure 14, the rdiagbility of
a Ve Criterion is 10 out of 28.

ANOVA andysis of the test dataidentified three factors—fineness modulus (FM) , coarse
aggregate percent crushed (CAPC), and fine aggregate percent crushed (FAPC) and two
interactions (FM x CAPC and FM x FAPC)—as dgnificant.

ANOVA andysisidentified the nomind maximum aggregate sze (NMAS) and surface area
(SA) of the gradation as being of no Satistica significance when the fineness modulus was
included in the andysis.

Linear regression analyss showed the current VMA specification (VMA versus
log[NMAS]) had an adjusted r? value of 0.47.

Linear regression anaysis of VMA versus FM, CAPC, and FAPC had an adjusted r* vaue
of 0.88.

Linear regression analysis of Vi versus FM, CAPC, and FAPC had an adjusted r? vaue of
0.90.

Linear regression anaysis of VFA versus FM, CAPC, and FAPC had an adjusted r? vaue
of 0.96.

The maximum aggregate concentration (minimum VMA) appears to be arobust indicator of
the critical gate trangtion in asphdt paving mixtures.

Thus from the literature review, testing, and satistical analys's performed on this project, it appears that
the current minimum VMA requirements specified in Superpave mix design protocol are overly
restrictive and unnecessary, ruling out candidate aggregate gradations that should perform adequately.

Two factors clearly stand out that differentiate sound from unsound mixtures are: a sufficient coating of
binder (Vie) and not overly saturating the VMA with binder (VFA).



Recommendations

The literature review, testing, and statistical andys's performed on this project have suggested the
following recommendations:

1. The predictive relationships obtained in this study need to be compared with field data and
verified or adjusted as necessary.

2. Inplace of the current minimum VMA specification, adurability criterion based on the more
robust parameters of VFA or Vy,e should be used in designing asphalt mixtures.

3. If aminimum VMA isto be specified, it should include fineness modulus, coarse aggregate
percent crushed, fine aggregate percent crushed, and their interactions.
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APPENDIX A

VOLUMETRIC DATA RESULTS
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Tables A.1-A.4 use the following property definitions:

Abs. (%) =
Gmb =

Grm =

Air voids =
VMA =

VFA =
Dust-Pye ratio =
K =

Film thickness =

bulk specific gravity of the aggregate,

surface area,

effective specific gravity of the aggregate,

percent asphalt absorbtion,

bulk specific gravity of the compacted HMA specimen,
theoretical maximum specific gravity of the HMA,
percent air voids in the compacted HMA specimen,
voids in the mineral aggregate,

voids filled with asphalt,

ratio of P200 material to effective asphalt content,
richness modulus, and

average asphalt film thickness (microns).



Table A.1 Summary of Volumetric Resultsfor 100 Percent Crushed Specimens

9.5 mm 12.5 mm 19 mm
Property —p D C F D C F D C
Gy 2647 | 2628 | 2612 | 2631 | 2616 | 2604 | 2624 | 2608 | 2599
SA 6.65 5.95 498 5.99 5.37 4.68 5.80 5.02 4.56
Gee 2.736 | 2727 | 2724 | 2728 | 2.727 | 2.718 | 2727 | 2.722 | 2.721
Abs. (%) | 1.26 1.39 161 1.39 159 1.65 152 164 1.76
Gt 9.5 mm 125 mm 19 mm
F D C F D C F D C
4 2213 | 2292 | 2310 | 2275 | 2325 | 2353 | 2307 | 2.358 | 2.362
4 2199 | 2291 | 2304 | 2285 | 2336 | 2352 | 2301 | 2.352 | 2.390
5 2236 | 2319 | 2363 | 2318 | 2367 | 2.390 | 2350 | 2402 | 2415
5 2220 | 2347 | 2341 | 2305 | 2369 | 2.396 | 2345 | 2.397 | 2402
6 2256 | 2350 | 2381 | 2337 | 2400 | 2438 | 2360 | 2.446 | 2438
6 2282 | 2355 | 2412 | 2331 | 2405 | 2435 | 2359 | 2447 | 2442
7 2289 | 2414 | 2413 | 2376 | 2435 | 2429 | 2411 | 2432 | 2433
7 2308 | 2410 | 2413 | 2396 | 2433 | 2425 | 2417 | 2432 | 2431
8 2351 | 2403 | 2408 | 2400 | 2409 | 2406 | 2406 | 2409 | 2403
8 2336 | 2403 | 2405 | 2400 | 2405 | 2404 | 2406 | 2400 | 2409
Gom 9.5 mm 12.5 mm 19 mm
F D C F D C F D C
4 2564 | 2557 | 2553 | 2556 | 2559 | 2551 | 2558 | 2552 | 2553
4 2564 | 2557 | 2553 | 2556 | 2559 | 2551 | 2558 | 2552 | 2553
5 2525 | 2518 | 2514 | 2516 | 2521 | 2512 | 2518 | 2513 | 2513
5 2525 | 2518 | 2514 | 2516 | 2521 | 2512 | 2518 | 2513 | 2513
6 2486 | 2480 | 2476 | 2477 | 2483 | 2475 | 2480 | 2475 | 2475
6 2486 | 2480 | 2476 | 2477 | 2483 | 2475 | 2480 | 2475 | 2475
7 2449 | 2443 | 2439 | 2440 | 2446 | 2439 | 2444 | 2438 | 2438
7 2449 | 2443 | 2439 | 2440 | 2446 | 2439 | 2444 | 2438 | 2438
8 2413 | 2407 | 2403 | 2404 | 2411 | 2404 | 2408 | 2.402 | 2403
8 2413 | 2407 | 2403 | 2404 | 2411 | 2404 | 2408 | 2402 | 2403
. . 9.5 mm 12.5 mm 19 mm
Alr Voids |—¢ D C F D C = D C
4 13.7% | 10.4% | 95% | 11.0% | 10.4% | 7.8% | 99% | 82% | 7.5%
4 14.3% | 10.4% | 9.8% | 10.6% | 10.5% | 7.8% | 10.1% | 8.4% | 6.4%
5 114% | 79% | 6.0% | 7.9% | 80% | 49% | 6.7% | 52% | 3.9%
5 121% | 6.8% | 6.9% | 84% | 69% | 4.6% | 6.9% | 54% | 4.4%
6 9.2% | 53% | 38% | 56% | 54% | 15% | 49% | 21% | 15%
6 82% | 51% | 26% | 59 | 52% | 1.6% | 49% | 2.0% | 1.3%
7 65% | 1.2% | 1.0% | 26% | 1.3% | 04% | 1.3% | 1.3% | 0.2%
7 58% | 14% | 1.1% | 18% | 1.5% | 06% | 1.1% | 1.3% | 0.3%
8 25% | 02% | -02% | 0.2% | 0.3% | -0.1% | 0.1% | 0.9% | 0.0%
8 32% | 02% | -01% | 0.1% | 0.3% | 0.0% | 0.1% | 1.3% | -0.2%
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Table A.1 Continued

9.5 mm 12.5 mm 19 mm
VMA F D C F D C F D C
4 19.7% [16.3% |151% (17.0% |15.9% |13.2% (15.6% |13.2% |12.7%
4 20.3% |16.3% [15.3% |16.6% [159% |13.3% ([15.8% |13.4% (11.7%
5 19.8% [16.2% [(14.1% |16.3% (15.8% (12.8% |14.9% |12.5% |11.7%
5 203% |15.1% [14.9% (16.7% [|14.8% |12.6% [15.1% |12.7% |(12.2%
6 199% [15.9% [14.3% (16.5% |15.6% |12.0% (15.4% [11.8% |11.8%
6 19.0% [15.8% |13.2% (16.7% |154% |12.1% (155% [11.8% |11.7%
7 19.6% |14.6% [(14.1% |16.0% (14.2% (13.2% |14.5% [13.3% [|12.9%
7 18.9% |14.7% |(14.1% |15.3% (14.3% (13.4% |14.3% |13.3% |13.0%
8 18.3% [15.9% |15.2% (16.1% |155% |15.0% (15.6% |15.0% |14.9%
8 18.8% [15.9% |15.3% (16.1% |155% |15.1% (15.6% |15.3% |14.7%
9.5 mm 12.5 mm 19 mm
VFA F D C F D C F D C
4 30.6% | 36.2% | 36.9% | 35.3% | 34.3% | 41.4% | 36.8% | 37.9% | 41.5%
4 29.6% | 36.1% | 36.3% | 36.3% | 34.2% | 41.2% | 36.3% | 37.2% | 45.6%
5 42.1% | 51.1% | 57.2% | 51.7% | 49.4% | 62.0% | 54.9% | 58.7% | 66.7%
5 40.6% | 55.2% | 53.7% | 50.0% | 53.5% | 63.2% | 54.1% | 57.7% | 63.6%
6 53.5% | 67.0% | 73.3% | 65.7% | 65.6% | 87.3% | 68.5% | 82.3% | 87.3%
6 56.6% | 67.9% | 80.4% | 64.6% | 66.5% | 86.5% | 68.3% | 82.7% | 88.5%
7 66.6% | 91.9% | 92.6% | 83.7% | 90.8% | 97.1% | 90.8% | 90.2% | 98.3%
7 69.6% | 90.8% | 92.4% | 88.1% | 89.7% | 95.7% | 92.3% | 90.0% | 97.6%
8 86.1% | 98.8% |101.4%| 99.0% | 97.9% |100.6%| 99.5% | 93.9% |100.1%
8 83.1% | 98.9% |100.5% | 99.1% | 98.0% |100.1% | 99.6% | 91.6% |101.7%
Dust-Pye 9.5 mm 125 mm 19 mm
Ratio F D C F D C F D C
4 1.5 1.5 1.6 1.5 1.6 1.7 1.6 1.7 1.8
4 15 15 1.6 15 1.6 1.7 1.6 1.7 1.8
5 1.1 11 1.2 1.1 1.2 1.2 1.1 1.2 1.2
5 1.1 1.1 1.2 1.1 1.2 1.2 1.1 1.2 1.2
6 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
6 0.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.8
7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.8
8 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
8 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
K 9.5 mm 12.5 mm 19 mm
F D C F D C F D C
4 2.58 254 248 253 248 243 251 2.45 241
5 3.26 3.21 3.13 3.20 3.14 3.07 3.18 3.10 3.05
6 3.96 3.89 3.80 3.88 3.81 372 3.85 3.76 3.70
7 4.66 459 448 457 4.49 4.39 454 443 4.36
8 5.39 5.30 5.18 5.28 5.18 5.07 5.25 512 504
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Table A.1 Continued

Film 9.5 mm 12.5 mm 19 mm
Thickness| F D C F D C F D C
4 41 4.4 4.8 4.4 45 5.0 4.3 47 49
5 5.6 6.1 6.8 6.0 6.4 7.2 6.1 6.7 7.1
6 7.1 77 8.8 7.7 8.2 9.3 7.8 8.7 9.3
7 8.6 9.4 10.8 9.4 10.1 11.4 9.5 10.7 11.5
8 10.1 11.1 12.8 11.0 11.9 13.6 11.2 12.7 13.7




Table A.2 Volumetric Results for 50 Percent Crushed/ 50 Percent Natural Specimens

9.5 mm 12.5mm 19 mm
F D C F D C F D C
Gy 2613 | 2593 | 2577 | 2597 | 2585 | 2573 | 2592 | 2578 | 2571
SA 6.65 5.95 498 5.99 5.37 4.68 5.80 5.02 4.56
Gee 2.696 | 0.000 | 2.691 | 37.318| 37.257 | 37.116 | 37.189 | 37.032 | 37.065
Abs. (%) 121 1.30 1.69 121 1.46 178 1.43 1.79 1.88

Property

9.5 mm 125 mm 19 mm
F D C F D C F D C
2215 | 2273 | 2295 | 2294 | 2340 | 2351 | 2386 | 2.389 | 2427
2198 | 2272 | 2279 | 2312 | 2346 | 2360 | 2393 | 2.399 | 2.390
2245 | 2309 | 2316 | 2346 | 2392 | 2386 | 2422 | 2408 | 2.448
2224 | 2323 | 2321 | 2329 | 2395 | 2.396 | 2440 | 2.399 | 2.426
2277 | 2369 | 2365 | 2356 | 2427 | 2425 | 2436 | 2423 | 2.449
2284 | 2343 | 2362 | 2380 | 2437 | 2427 | 2444 | 2435 | 2439
2305 | 2388 | 2402 | 2394 | 2418 | 2415 | 2424 | 2411 | 2.395
2314 | 2381 | 2402 | 2385 | 2412 | 2409 | 2421 | 2.385 | 2416
2347 | 2374 | 2380 | 2.380 | 2380 | 2.381 | 2.398
2346 | 2381 | 2378 | 2382 | 2376 | 2384 | 2390 | 2.376 | 2.357

®
]

|0 NN OO0l &~ &

9.5mm 125 mm 19 mm

F D C F D C F D C
2529 | 2528 | 2527 | 2519 | 2517 | 2531 | 2528 | 2535 | 2535

2529 | 2528 | 2527 | 2519 | 2517 | 2531 | 2528 | 2535 | 2535
2491 | 2493 | 2489 | 2481 | 2478 | 2493 | 2491 | 2497 | 2497
2491 | 2493 | 2489 | 2481 | 2478 | 2493 | 2491 | 2497 | 2497
2453 | 2458 | 2453 | 2445 | 2441 | 2456 | 2455 | 2459 | 2461
2453 | 2458 | 2453 | 2445 | 2441 | 2456 | 2455 | 2459 | 2461
2417 | 2424 | 2417 | 2410 | 2405 | 2421 | 2419 | 2423 | 2425
2417 | 2424 | 2417 | 2410 | 2405 | 2421 | 2419 | 2423 | 2425
2382 | 2392 | 2382 | 2376 | 2369 | 2.386 | 2.385
2382 | 2392 | 2382 | 2376 | 2369 | 2.386 | 2385 | 2.388 | 2391

)]
3
3

| 0| NN O OO0l &~ &

9.5 mm 12.5mm 19 mm
F D C F D C F D C
12.4%| 10.1%| 9.2%| 8.9%| 7.0%| 7.1%| 5.6%)| 5.7% 4.3%
13.1%| 10.1%| 9.8%| 8.2%| 6.8% 6.8%| 53% 53% 5.7%
9.9%| 7.3% 7.0%| 55%| 35% 4.3%| 28%| 35% 2.0%
10.7%| 6.8%| 6.8%| 6.1%| 34% 3.9%| 2.0%| 3.9% 2.9%
7.2%| 3.6%| 3.6%| 36%| 0.6% 1.3%| 0.7%| 15%| 0.5%
6.9%| 4.7%| 3.7%| 27%| 0.1% 1.2%| 04%| 1.0%| 0.9%
46%| 15%| 06%| O0.7%| -05% 0.29%| -0.2%| 05% 1.2%
43%| 1.8%| 0.6%| 1.1%| -0.3% 05%| -0.1%| 1.6%| 0.4%
14%| 0.8%| 0.1%| -0.2%| -05% 0.2%| -0.5%
15%| 05% 0.2%| -0.3%| -0.3% 0.1%| -0.2%| 0.5% 1.4%

Air Voids

D
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Table A.2 Continued

9.5 mm 12.5mm 19 mm
VMA F D C F D C F D C
4 18.6%| 15.8%| 14.5%)| 15.2%| 13.1% 12.3%| 11.6%| 11.0% 9.4%
4 19.2%| 15.9%| 15.1%| 14.6%| 12.9% 12.0%| 11.4%| 10.7% 10.8%
5 18.4%| 15.4%| 14.6%| 14.2%| 12.1%| 11.9%| 11.2%)| 11.3% 9.5%
5 19.1%| 14.9%| 14.4%| 14.8%| 12.0%| 11.5%| 10.5%| 11.6% 10.3%
6 18.1%| 14.1%| 13.7%| 14.7%| 11.7% 11.4%| 11.6%| 11.7% 10.5%
6 17.8%| 15.0%| 13.8%)| 13.9%| 11.4% 11.3%| 11.4%| 11.2% 10.8%
7 18.0%| 14.4%| 13.3%| 14.3%| 13.0% 12.7%| 13.0%| 13.0% 13.3%
7 17.7%)| 14.6%| 13.3%| 14.6%| 13.2%| 12.9%| 13.1%)| 14.0% 12.6%
8 17.4%)| 15.8%| 15.0%| 15.7%| 15.3%| 14.9%| 14.9%
8 17.4%| 155%| 15.1%)| 15.6%| 154% 14.8%| 15.2%| 15.2% 15.7%
9.5 mm 12.5mm 19 mm
VFA F D C F D C F D C
4 33.3%| 36.3%| 36.6%| 41.3%| 46.4% 42.2%| 51.7%)| 48.0%| 54.4%
4 32.0%| 36.2%| 34.9%| 43.5%| 47.2%| 43.5%| 52.9%| 49.9%| 46.7%
5 46.4%| 52.2%| 52.3%| 61.6%)| 71.1%| 63.9%| 75.4%| 68.5% 79.2%
5 44.1%| 54.3%| 53.1%| 58.6%| 71.9% 66.4%| 80.9%| 66.3% 72.3%
6 60.3%| 74.4%| 74.0%| 75.3%| 95.2%| 88.9%| 93.6%| 87.3%| 95.4%
6 61.4%| 69.0%| 73.2%| 80.7%| 98.7%| 89.6%| 96.1%| 91.3%| 92.0%
7 74.2%| 89.5% 95.3%| 95.4%| 104.2%| 98.1%| 101.4%| 96.1%| 90.7%
7 75.8%| 87.7%| 95.3%| 92.8%)| 102.4%| 96.4%| 100.6%| 88.6% 97.0%
8 91.7%| 95.2%| 99.4%)| 101.0%| 103.0%| 98.7%| 103.5%
8 91.4%| 97.1%| 98.8%| 101.7%| 101.8%| 99.3%| 101.3%| 96.6%| 90.9%
Dust-Pye 9.5 mm 12.5mm 19 mm
Ratio F D C F D C F D C
4 141 1.47 1.71 1.40 1.56 1.78 152 1.75 1.82
4 141 1.47 171 1.40 1.56 1.78 152 1.75 1.82
5 1.04 1.08 1.20 1.04 1.12 1.23 1.10 1.21 1.24
5 1.04 1.08 1.20 1.04 1.12 1.23 1.10 1.21 1.24
6 0.82 0.85 0.92 0.82 0.88 0.94 0.86 0.93 0.94
6 0.82 0.85 0.92 0.82 0.88 0.94 0.86 0.93 0.94
7 0.68 0.70 0.75 0.68 0.72 0.76 0.71 0.75 0.76
7 0.68 0.70 0.75 0.68 0.72 0.76 0.71 0.75 0.76
8 0.58 0.60 0.63 0.58 0.61 0.64 0.60 0.63 0.64
8 0.58 0.60 0.63 0.58 0.61 0.64 0.60 0.63 0.64
K 9.5 mm 125 mm 19 mm
F D C F D C F D C
4 2.55 2.51 2.45 2.50 2.45 2.40 2.48 2.43 2.39
5 3.22 3.17 3.09 3.16 3.10 3.03 3.14 3.06 3.02
6 3.91 3.84 3.75 3.83 3.76 3.68 3.81 3.72 3.66
7 461 453 4.42 45] 443 434 4.49 4.38 431
8 5.32 5.23 511 5.22 5.12 5.01 5.18 5.06 4.98
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Table A.2 Continued

Film 9.5 mm 125 mm 19 mm
Thickness F D C F D C F D C
4 4.2 4.5 4.6 4.7 4.7 4.7 4.4 4.4 4.7
5 5.7 6.2 6.6 6.3 6.6 6.9 6.4 6.4 6.8
6 7.2 7.9 8.7 8.0 8.5 9.0 8.4 8.4 9.0
7 8.7 9.4 10.7 9.7 103 11.1] 104 104 11.2
8 10.2] 11.3 127 11.3] 122 133 11.3] 124 134




Table A.3 Volumetric Resultsfor Manufactured Fine-Natural Coar se Specimens

9.5 mm 12.5mm 19 mm
F D C F D C F D C
Gy 2613 | 2593 | 2577 | 2597 | 2585 | 2573 | 2592 | 2578 | 2571
SA 6.65 5.95 498 5.99 5.37 4.68 5.80 5.02 4.56
Gee 2.696 | 0.000 | 2.691 | 37.318| 37.257 | 37.116 | 37.189 | 37.032 | 37.065
Abs. (%) 121 1.30 1.69 121 1.46 1.78 1.43 1.79 1.88

Property

9.5 mm 125 mm 19 mm
F D C F D C F D C
2215 | 2273 | 2295 | 2294 | 2340 | 2351 | 2386 | 2.389 | 2427
2198 | 2272 | 2279 | 2312 | 2346 | 2360 | 2393 | 2.399 | 2.390
2245 | 2309 | 2316 | 2346 | 2392 | 2386 | 2422 | 2408 | 2.448
2224 | 2323 | 2321 | 2329 | 2395 | 2.396 | 2440 | 2.399 | 2.426
2277 | 2369 | 2365 | 2356 | 2427 | 2425 | 2436 | 2423 | 2.449
2284 | 2343 | 2362 | 2380 | 2437 | 2427 | 2444 | 2.435 | 2439
2305 | 2388 | 2402 | 2394 | 2418 | 2415 | 2424 | 2411 | 2.395
2314 | 2381 | 2402 | 2385 | 2412 | 2409 | 2421 | 2.385 | 2416
2347 | 2374 | 2380 | 2.380 | 2380 | 2.381 | 2.398
2346 | 2381 | 2378 | 2382 | 2376 | 2384 | 2390 | 2.376 | 2.357

®
]
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9.5mm 125 mm 19 mm

F D C F D C F D C
2529 | 2528 | 2527 | 2519 | 2517 | 2531 | 2528 | 2535 | 2535

2529 | 2528 | 2527 | 2519 | 2517 | 2531 | 2528 | 2535 | 2535
2491 | 2493 | 2489 | 2481 | 2478 | 2493 | 2491 | 2497 | 2497
2491 | 2493 | 2489 | 2481 | 2478 | 2493 | 2491 | 2497 | 2497
2453 | 2458 | 2453 | 2445 | 2441 | 2456 | 2455 | 2450 | 2461
2453 | 2458 | 2453 | 2445 | 2441 | 2456 | 2455 | 2459 | 2461
2417 | 2424 | 2417 | 2410 | 2405 | 2421 | 2419 | 2423 | 2425
2417 | 2424 | 2417 | 2410 | 2405 | 2421 | 2419 | 2423 | 2425
2382 | 2392 | 2382 | 2376 | 2369 | 2.386 | 2.385
2382 | 2392 | 2382 | 2376 | 2369 | 2.386 | 2385 | 2.388 | 2391

)]
3
3
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9.5 mm 12.5mm 19 mm
F D C F D C F D C
12.4%| 10.1%| 9.2%| 8.9%| 7.0%| 7.1%| 5.6%)| 5.7% 4.3%
13.1%| 10.1%| 9.8%| 8.2%| 6.8% 6.8%| 53% 53% 5.7%
9.9%| 7.3% 7.0%| 55%| 35% 4.3%| 28%| 35% 2.0%
10.7%| 6.8%| 6.8%| 6.1%| 34% 3.9%| 2.0%| 3.9% 2.9%
7.2%| 3.6%| 3.6%| 36%| 0.6% 1.3%| 0.7%| 15%| 0.5%
6.9%| 4.7%| 3.7%| 27%| 0.1% 1.2%| 04%| 1.0%| 0.9%
46%| 15%| 06%| O0.7%| -05% 0.29%| -0.2%| 05% 1.2%
43%| 1.8%| 0.6%| 1.1%| -0.3% 05%| -0.1%| 1.6%| 0.4%
14%| 0.8%| 0.1%| -0.2%| -05% 0.2%| -0.5%
15%| 05% 0.2%| -0.3%| -0.3% 0.1%| -0.2%| 0.5% 1.4%

Air Voids

D
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Table A.3 Continued

VMA

9.5mm

125 mm

19 mm

D

D

C

N

18.6%

15.8%

14.5%

15.2%

13.1%

12.3%

11.6%

11.0%

9.4%

19.2%

15.9%

15.1%

14.6%

12.9%

12.0%

11.4%

10.7%

10.8%

18.4%

15.4%

14.6%

14.2%

12.1%

11.9%

11.2%

11.3%

9.5%

19.1%

14.9%

14.4%

14.8%

12.0%

11.5%

10.5%

11.6%

10.3%

18.1%

14.1%

13.7%

14.7%

11.7%

11.4%

11.6%

11.7%

10.5%

17.8%

15.0%

13.8%

13.9%

11.4%

11.3%

11.4%

11.2%

10.8%

18.0%

14.4%

13.3%

14.3%

13.0%

12.7%

13.0%

13.0%

13.3%

17.7%

14.6%

13.3%

14.6%

13.2%

12.9%

13.1%

14.0%

12.6%

17.4%

15.8%

15.0%

15.7%

15.3%

14.9%

14.9%
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17.4%

15.5%

15.1%

15.6%

15.4%

14.8%

15.2%

15.2%

15.7%

<
T
>

9.5mm

125 mm

19 mm

D

F

D

F

33.3%

36.3%

36.6%

41.3%

46.4%

42.2%

51.7%

48.0%

54.4%

32.0%

36.2%

34.9%

43.5%

47.2%

43.5%

52.9%

49.9%

46.7%

46.4%

52.2%

52.3%

61.6%

71.1%

63.9%

75.4%

68.5%

79.2%

44.1%

94.3%

53.1%

58.6%

71.9%

66.4%

80.9%

66.3%

72.3%

60.3%

74.4%

74.0%

75.3%

95.2%

88.9%

93.6%

87.3%

95.4%

61.4%

69.0%

73.2%

80.7%

98.7%

89.6%

96.1%

91.3%

92.0%

74.2%

89.5%

95.3%

95.4%

104.2%

98.1%

101.4%

96.1%

90.7%

75.8%

87.7%

95.3%

92.8%

102.4%

96.4%

100.6%

88.6%

97.0%

91.7%

95.2%

99.4%

101.0%

103.0%

98.7%

103.5%
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91.4%

97.1%

98.8%

101.7%

101.8%

99.3%

101.3%

96.6%

90.9%

DUSt-Pbe
Ratio

9.5mm

125 mm

19 mm

D

D

C

D

141

147

171

1.40

1.56

1.78

152

1.75

1.82

141

147

171

1.40

1.56

1.78

1.52

1.75

1.82

1.04

1.08

1.20

1.04

112

1.23

1.10

121

1.24

1.04

1.08

1.20

1.04

112

1.23

110

121

1.24

0.82

0.85

0.92

0.82

0.88

0.94

0.86

0.93

0.94

0.82

0.85

0.92

0.82

0.88

0.94

0.86

0.93

0.94

0.68

0.70

0.75

0.68

0.72

0.76

0.71

0.75

0.76

0.68

0.70

0.75

0.68

0.72

0.76

0.71

0.75

0.76

0.58

0.60

0.63

0.58

0.61

0.64

0.60

0.63

0.64
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0.58

0.60

0.63

0.58

0.61

0.64

0.60

0.63

0.64




Table A.3 Continued

K 9.5 mm 12.5 mm 19 mm
F D C F D C F D C
4 255 251 245 2.50 245 240 248 243 2.39
5 3.22 3.17 3.09 3.16 3.10 3.03 3.14 306 | 302
6 391 384 | 375 3.83 3.76 3.68 381 3.72 3.66
7 4.61 453 | 442 451 443 | 4.34 4.49 438 | 431
8 5.32 5.23 511 5.22 5.12 5.01 5.18 506 | 4.98
Film 9.5 mm 12.5 mm 19 mm
Thickness F D C F D C F D C
4 4.2 45 4.6 4.7 4.7 4.7 4.4 4.4 4.7
5 5.7 6.2 6.6 6.3 6.6 6.9 6.4 6.4 6.8
6 7.2 7.9 8.7 8.0 85 9.0 8.4 8.4 9.0
7 8.7 9.6 10.7 9.7 103 | 111 10.4 104 | 11.2
8 10.2 11.3 | 12.7 11.3 122 | 133 11.3 124 | 134




Table A.4 Volumetric Results for 100 Percent Natural Specimens

Property 9.5 mm 12.5mm 19 mm
F D C F D C F D C
G 2580 | 2559 | 2542 | 2565 | 2554 | 2544 | 2560 | 2549 | 2543
SA 6.65 5.95 4.98 5.99 5.37 4.68 5.80 5.02 4.56
Ge 2667 | 2643 | 2642 | 2641 | 2648 | 2635 | 2672 | 2.680 | 2.687
Abs (%) 1.29 1.27 152 115 142 1.39 1.67 1.95 2.16
Gt 9.5 mm 125 mm 19 mm
F D C F D C F D C
4 2286 | 2312 | 2329 | 2328 | 2360 | 2.315 | 2365 | 2403 | 2404
4 2274 | 2310 | 2328 | 2316 | 2349 | 2.307 | 2360 | 2.406 | 2410
5 2307 | 2352 | 2378 | 2355 | 2414 | 2333 | 2394 | 2436 | 2442
5 2336 | 2363 | 2372 | 2348 | 2391 | 2.349 | 2407 | 2439 | 2442
6 2319 | 2368 | 2385 | 2385 | 2405 | 2.384 | 2408 | 2.440 | 2437
6 2350 | 2376 | 2395 | 2377 | 2401 | 2.379 | 2414 | 2438 | 2437
7 2331 | 2373 | 2371 | 2376 | 2389 | 2.364 | 2404 | 2.398 | 2.406
7 2336 | 2369 | 2384 | 2368 | 2377 | 2380 | 2396 | 2.394 | 2.399
8 2336 | 2343 | 2343 | 2347 | 2345 | 2336 | 2364 | 2.365
8 2337 | 2342 | 2354 | 2353 | 2348 | 2.325 | 2368 | 2.374
Gnr 9.5 mm 125 mm 19 mm
F D C F D C F D C
4 2503 | 2486 | 2486 | 2484 | 2491 | 2480 | 2511 | 2519 | 2524
4 2503 | 2486 | 2486 | 2484 | 2491 | 2480 | 2511 | 2519 | 2524
5 2465 | 2449 | 2449 | 2448 | 2454 | 2444 | 2474 | 2482 | 2487
5 2465 | 2449 | 2449 | 2448 | 2454 | 2444 | 2474 | 2482 | 2487
6 2428 | 2414 | 2414 | 2413 | 2419 | 2409 | 2437 | 2.446 | 2.450
6 2428 | 2414 | 2414 | 2413 | 2419 | 2409 | 2437 | 2.446 | 2.450
7 2392 | 2380 | 2380 | 2378 | 2384 | 2375 | 2402 | 2411 | 2414
7 2392 | 2380 | 2380 | 2378 | 2384 | 2375 | 2402 | 2411 | 2414
8 2358 | 2346 | 2347 | 2345 | 2351 | 2342 | 2368 | 2.376
8 2358 | 2346 | 2347 | 2345 | 2351 | 2342 | 2368 | 2.376
. . 9.5 mm 125 mm 19 mm
Alr Voids — D © F D C F D C
4 90% | 7.0% | 6.3% | 6.3% | 53% | 6.7% | 58% | 4.6% | 4.8%
4 95% | 7.1% | 6.3% | 6.8% | 57% | 7.0% | 6.0% | 45% | 45%
5 73% | 40% | 29% | 38% | 16% | 45% | 32% | 1.9% | 1.8%
5 6.7% | 35% | 32% | 41% | 26% | 39% | 27% | 1.7% | 1.8%
6 42% | 1.9% | 1.2% | 1.2% | 0.6% | 1.0% | 1.2% | 0.2% | 0.5%
6 49% | 1.6% | 08% | 15% | 0.7% | 1.2% | 09% | 0.3% | 0.5%
7 30% [ 03% | 04% | 0.1% | -02% | 05% | -0.1% | 05% | 0.3%
7 28% | 04% | -02% | 04% | 0.3% | -02% | 03% | 0.7% | 0.7%
8 13% | 01% | 0.2% | -0.1% | 0.2% | 0.2% | 0.2% | 0.5%
8 13% | 02% | -0.3% | -0.3% | 0.1% | 0.7% | 0.0% | 0.1%
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Table A.4 Continued

9.5 mm 12.5 mm 19 mm
VMA F D C F D C F D C
4 14.9% | 13.3% | 12.1% | 12.9% | 11.3% | 12.6% | 11.3% | 9.5% | 9.2%
4 154% | 13.3% | 12.1% | 13.3% | 11.7% | 12.9% | 11.5% | 9.4% | 9.0%
5 155% | 12.7% | 11.1% | 12.8% | 10.2% | 12.9% | 11.2% | 9.2% | 8.8%
5 15.0% | 12.3% | 11.4% | 13.0% | 11.1% | 12.3% | 10.7% | 9.1% | 8.8%
6 14.9% | 13.0% | 11.8% | 12.6% | 11.5% | 11.9% | 11.6% | 10.0% | 9.9%
6 155% | 12.7% | 11.4% | 12.9% | 11.6% | 12.1% | 11.4% | 10.1% | 9.9%
7 16.0% | 13.8% | 13.3% | 13.9% | 13.0% | 13.6% | 12.7% | 12.5% | 12.0%
7 15.8% | 13.9% | 12.8% | 14.2% | 13.4% | 13.0% | 13.0% | 12.7% | 12.3%
8 16.7% | 15.8% | 15.2% | 15.8% | 15.5% | 15.5% | 15.1% | 14.6%
8 16.7% | 15.8% | 14.8% | 15.6% | 15.4% | 15.9% | 14.9% | 14.3%
9.5 mm 12.5 mm 19 mm
VFA F D C F D C F D C
4 39.9% | 47.2% | 47.7% | 51.1% | 53.5% | 47.3% | 48.7% | 51.6% | 48.5%
4 38.4% | 46.9% | 47.6% | 49.1% | 51.4% | 46.0% | 47.8% | 52.2% | 49.9%
5 53.1% | 68.7% | 73.8% | 70.3% | 84.1% | 64.8% | 71.1% | 79.9% | 79.5%
5 55.2% | 71.3% | 72.2% | 68.8% | 76.8% | 68.4% | 74.8% | 81.3% | 79.7%
6 72.0% | 85.5% | 89.7% | 90.8% | 94.9% | 91.3% | 89.6% | 97.7% | 94.6%
6 68.6% | 87.7% | 93.1% | 88.5% | 93.7% | 89.8% | 91.7% | 96.9% | 94.6%
7 81.5% | 98.1% | 97.1% | 99.3% |101.4%| 96.6% |100.6%| 96.0% | 97.1%
7 82.6% | 97.0% | 101.3% | 96.9% | 97.8% | 101.7%| 98.0% | 94.5% | 94.7%
8 92.0% | 99.3% | 98.9% | 100.5%| 98.4% | 98.4% | 98.8% | 96.9%
8 92.1% | 98.9% |102.1% | 102.2%| 99.2% | 95.4% | 99.9% | 99.4%
Dust-Ppe 9.5mm 12.5mm 19 mm
Ratio F D C F D C F D C
4 15 15 1.6 14 15 15 1.7 2.0 2.1
4 15 15 1.6 14 1.5 15 1.7 2.0 2.1
5 1.1 1.1 1.1 1.0 11 1.1 1.2 1.3 14
5 1.1 11 1.1 1.0 1.1 11 1.2 1.3 14
6 0.9 0.8 0.9 0.8 0.9 0.9 0.9 1.0 1.0
6 0.9 0.8 0.9 0.8 0.9 0.9 0.9 1.0 1.0
7 0.7 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.8
7 0.7 0.7 0.7 0.7 0.7 0.7 0.8 0.8 0.8
8 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7
8 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.7




Table A.4 Continued

K 9.5 mm 12.5 mm 19 mm

F D C F D C F D C
4 2.52 247 | 241 | 247 | 242 | 237 | 245 | 2.40 |2.36
5 3.18 313 | 305 | 312 | 306 | 3.00 | 3.10 | 3.03 |2.98
6 3.86 379 | 370 | 3.78 | 3.71 | 3.64 | 3.76 | 3.67 |3.62
7 4.55 447 | 436 | 446 | 438 | 429 | 443 | 4.33 |4.27
8 5.25 516 | 504 | 515 | 506 | 495 | 512 | 5.00

Film 9.5mm 12.5mm 19 mm
Thickness| F D C F D C F D C

4 41 4.6 5.0 4.8 4.8 5.6 4.0 41 4.0
5 5.6 6.3 7.0 6.4 6.7 7.7 5.7 6.1 6.2
6 7.1 7.9 9.0 8.1 85 9.9 7.5 8.1 8.4
7 8.6 96 | 11.0 9.8 104 | 12.0 9.2 10.1 | 10.6
8 101 | 11.3 | 180 | 114 | 123 | 141 | 109 | 120
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TableB.1 Accumulated Axial Microstrain at 1800 Cycles for 100 Percent Crushed Specimens

Asphalt

Specimen

Content (%) D 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F
4 1 9462 9645 9645 7729 8545 8510 8101 8690 7331
4 2 9974 8617 944 8234 8516 8267 9640 8152 8669
5 1 9822 924 9758 8049 9508 10408 7606 8358 7475
5 2 9228 9468 9264 8207 8988 8069 9696 8057 8128
6 1 9130 9546 10347 8819 8352 9876 8257 8165 8158
6 2 8984 9532 11315 8748 8004 10696 8916 8719 8492
7 1 11920 16206 14205 9552 14669 17169 8193 8282 8974
7 2 9250 14845 12979 9392 12520 18699 9450 6296 9456
8 1 21091 27823 29365 18880 24661 30125 8692 21515 23615
8 2 28868 33258 27849 20559 21188 34319 8297 17029 20653

TableB.2 Stiffness (kPa) at 1800 Cyclesfor 100 Percent Crushed Specimens

c OAnfgrr]‘f"(t% ) SPecmen| gsc | 125 | 19C | 95D | 125D | 19D | 95F | 125F | 19F
4 1 416474 451482 | 451340 406157 430875 | 462183 347307 407752 | 431472
4 2 422562 463575 | 451482 386504 415363 | 418794 334382 400414 | 411522
5 1 404934 460068 | 426515 400278 423545 | 437259 365337 399758 | 426515
5 2 403323 443302 | 442657 426515 416582 | 445032 340021 396157 | 414312
6 1 379882 436631 | 457146 402788 405394 | 447297 363169 401194 | 392394
6 2 385124 430219 | 432123 388881 404847 | 401892 360558 399088 | 395455
7 1 384993 | 379507 | 420343 371790 | 401472 | 396454 | 336041 | 380731 | 380858
7 2 391926 398611 | 391161 375554 | 389600 | 355558 336785 | 421432 | 388844
8 1 333357 332237 357025 340629 355315 354466 379657 331866 | 318677
8 2 307768 319363 | 339072 360934 352780 334485 342461 353621 329653
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Table B.3 Accumulated Axial Microstrain at 1800 Cycles for 50 Percent Crushed/50% Natural Specimens

Asphalt | Specimen| 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F

Content (%) ID
4 1 10992 9597 11081 11380 8570 9404 12467 10343 9089
4 2 10865 10400 9168 8781 8938 11446 9819 8320
5 1 12523 12621 9524 10241 10419 10168 11080 10964 9755
5 2 11846 11765 10093 8991 9235 9570 10599 11581 9508
6 1 12059 10406 17080 10793 10347 15402 11925 11238 15625
6 2 12443 10016 17907 11021 13950 20918 11267 10799 15415
7 1 11088 22742 37021 10680 31132 438486 12176 12526 37860
7 2 11932 24185 42603 9876 26056 37240 10529 15897 39707
8 1 29083 49430 28016 61633 13934 34376 62955
8 2 29179 48128 26620 59107 70514 13940 36540 72204

TableB.4 Stiffness (kPa) at 1800 Cycles for 50 Percent Crushed/50 Percent Natural Specimens

Asphalt | Specimen| 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F

Content (%) ID
4 1 388216 354624 | 386411 349868 398876 | 418380 352809 374877 | 405941
4 2 374014 | 406015 | 354591 | 390869 | 404302 | 338577 | 362134 | 412633
5 1 363417 351161 | 381981 334944 365511 | 383481 323646 344790 | 377947
5 2 335309 350521 | 380988 355443 365072 | 368528 339323 335309 | 374175
6 1 313511 345495 | 369912 330469 358041 | 335971 345752 329021 | 342666
6 2 322145 | 348370 | 348939 | 315462 | 345681 | 318580 | 291142 | 333774 | 344277
7 1 316974 306785 | 293081 314955 288934 | 286673 288485 306496 | 279561
7 2 325316 294156 | 280845 312263 290079 | 268051 298558 276761 270776
8 1 261861 256207 260710 239651 291568 259570 | 254449
8 2 260710 | 258664 256429 | 249108 | 255986 | 285006 | 252931 | 255986




Table B.5 Accumulated Axial Microstrain at 1800 Cycles for Manufactured Fine-Natural Coar se Specimens

Asphalt

Specimen

9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F

Content (%) ID
4 1 10992 14524 14811 9743 11038 13235 7943 10736 10411
4 2 19698 12385 10127 11019 13669 8179 10473 10171
5 1 12523 12675 19088 11731 11149 11847 8603 12901 11241
5 2 11846 12025 14177 8906 11532 8338 12513 11036
6 1 12059 12032 15024 9098 10358 11988 8837 11367 11422
6 2 12443 11291 16792 9062 9719 12137 8707 11137 12515
7 1 11088 18469 33259 10618 24262 26485 9097 12201 17099
7 2 11932 20216 31923 10224 24004 28121 9818 11012 14190
8 1 29083 43253 22862 41988 52038 9527 21456 30816
8 2 29179 40346 24057 42817 48077 9987 15296 34341

TableB.6 Stiffness (kPa) at 1800 Cycles for Manufactured Fine-Natural Coar se Specimens

Asphalt ecimen

C onfgnt (%) Sp D 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F
4 1 388216 377686 | 412626 361395 382853 | 389379 358100 370424 | 414285
4 2 349788 | 413200 | 376690 | 398723 | 418878 | 375609 | 385368 | 397692
5 1 363417 362798 | 354466 371302 380731 | 375966 367831 371302 | 362894
5 2 335309 363676 | 372256 372634 381214 359033 374426 | 387395
6 1 313511 373192 | 383984 382522 388335 | 377065 360976 357093 | 402562
6 2 322145 | 368099 | 380493 | 368166 | 370860 | 341468 | 356841 | 351386 | 372256
7 1 316974 337145 | 317183 371790 326621 | 345088 352190 345681 | 356423
7 2 325316 323734 | 315711 349868 335601 | 341468 344311 350113 | 354697
8 1 261861 285827 301819 298179 | 294042 337145 311320 | 315626
8 2 260710 | 291156 308087 | 285003 | 297283 | 332355 | 323542 | 308408




Table B.7 Accumulated Axial Microstrain at 1800 Cycles for 100 Percent Natural Specimens

Asphalt

Specimen

Content (%) D 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F
4 1 10758 14403 15315 12607 9863 12183 14351 11907 14218
4 2 12396 12273 16147 12489 9582 9667 15480 15004 17262
5 1 10891 12107 11832 12321 12191 13035 14677 13738 13489
5 2 10101 12526 13073 13174 12194 11623 19689 11222 14664
6 1 18232 11021 21302 12779 17131 21202 19519 15176 18905
6 2 16199 11583 23555 14461 25865 26812 19767 14962 15966
7 1 27495 27204 44417 44819 55150 73594 21338 43538 57230
7 2 29094 25779 38136 36508 61953 79839 19788 57563 50712
8 1 56096 43946 90560 46030 76767
8 2 65151 59604 88263 42281 84825

TableB.8 Stiffness (kPa) at 1800 Cyclesfor 100 Percent Natural Specimens

Asphalt ecimen

Con?e)nt (%) Sp D 9.5C 12.5C 19C 9.5D 12.5D 19D 9.5F 12.5F 19F
4 1 331339 350419 345967 313456 362894 | 339460 306315 353611 327944
4 2 345858 319707 36104 316031 344790 365891 291961 321981 310946
5 1 310327 297692 332931 324899 330388 323190 346907 320448 | 343787
5 2 323172 297405 | 337534 343703 325457 | 345088 256940 317769 | 327470
6 1 264900 309687 306756 331495 306813 300697 248452 291442 282291
6 2 273445 286912 275234 290519 280423 287546 262864 297717 295342
7 1 267019 248691 | 251269 238979 232146 | 209970 2443851 237656 | 237350
7 2 239742 256969 274069 235790 225790 224594 261483 200532 245197
8 1 213258 223343 194690 209583 213108
8 2 194316 210068 222625 224101 199070




